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ABSTRACT
The aim of this project was to investigate both molecular and classical approaches to the 
detection and characterisation of pathogenic Vibrio parahaemolyticus in seafoods, and 
standardise a characterisation tool that could be harmonised throughout laboratories in 
Europe. A standardised, controlled protocol for PFGE typing was established for V. 
parahaemolyticus and used successfully to establish clonal relationships between 
serologically, geographically and temporally unrelated isolates from both clinical and 
environmental sources. The method was rapid taking up to 72 hours, and demonstrated 100% 
typeability for the V. parahaemolyticus strains examined in this study. In addition, a MLST 
scheme was developed utilising four genes (jndh, gnd, recA, and dnaE) as a potential further 
sub-characterisation tool. The MLST scheme was successful in discriminating between 
isolates of environmental and clinical origin but was unable to further separate clonally 
discrete strains as judged by macro-restriction.
These methods were applied to investigations of V. parahaemolyticus in bivalve molluscan 
shellfish in the environment and Chinese mitten crabs (Eriocheir sinensis) from the River 
Thames to elucidate the distribution, prevalence, geographical spread and transmission of 
clonally related strains over time. The work presented here indicated that V. 
parahaemolyticus was present in -30% of indigenous UK shellfish samples. Furthermore, 
genes encoding for expression of the thermostable direct (TDH) and thermostable direct 
related haemolysins (TRH), that are strongly associated with pathogenicity, were found in 
small proportions of samples. V. parahaemolyticus was also unusually isolated in high 
numbers and all year round from Chinese mitten crabs found in the River Thames. The 
clinical significance of seafood isolations was assessed in terms of their potential human 
health significance. Additionally application of PFGE clearly indicated that two travel related 
isolates belonged to the same European clone of V. parahaemolyticus 03:K6 linked to 
outbreaks in Spain in 2004. The MLST scheme confirmed strains belonging to the V. 
parahaemolyticus 03:K6 pandemic clonal complex however, it was not possible to further 
discriminate between strains using this approach. The methods developed in the scope of this 
project will be applied to future European epidemiological and surveillance studies thus 
advancing the knowledge base and providing important information on future decisions on 
controls.
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GENERAL INTRODUCTION
1.1 Bivalve Molluscan Shellfish
Bivalve molluscan shellfish are commonly harvested for commercial use in Europe. 
Frequently harvested species include Pacific oysters {Crassostrea gigas), native or 
flat oysters {Ostrea edulis), common blue mussels (Mytilus edulis) and black or 
Mediterranean mussels {Mytilus gall opr ovincalis). Contamination of these shellfish 
may occur when bacteria, viruses or algae are concentrated in tissues during filter 
feeding from surrounding waters (Lees, 2000). A single oyster is capable of filtering 
15 gallons of water a day and can retain particles up to 2pm in size. Traditional 
methods of consuming shellfish usually mean that they are often eaten raw or lightly 
cooked. Thus, it is not surprising that consumption of these shellfish from 
contaminated areas can lead to considerable health problems associated with exposure 
to microbial pathogens such as hepatitis caused by Hepatitis A virus (HAV), amnesiac 
shellfish poisoning (ASP), diarrhetic shellfish poisoning (DSP) and paralytic shellfish 
poisoning (PSP) caused by bioaeeumulation of toxic algal blooms and gastroenteritis 
caused by norovirus and pathogenic Vibrio species.
Figure 1.1: Bivalve molluscs- common native oyster (below). Vibrio infections are associated with 
the consumption of raw oysters.
1.2 Vibrio Species
Filipo Pacini first described a comma shape bacillus, which he called Vibrio in 1854 
following a cholera outbreak in Florence, Italy. While today his work has been 
acknowledged, at the time the scientific community ignored his findings. Robert 
Koch identified the bacillus again in 1884 describing it in greater detail, unaware of 
Pacini’s findings, and was credited with the discovery of the cholera organism. 
Vibrios belong to the family Vibrionaceae along with Aeromonas, Photobacterium, 
and Plesiomonas. They are Gram-negative bacteria that are primarily associated with 
estuarine and coastal marine environments (West, 1984). Species in the Vibrio genus 
are oxidase positive, facultatively anaerobic, curved or non-curved rods that have an 
absolute requirement for Na^ for their growth. The prevalence of Vibrio species in 
coastal environments depends mainly on the salinity and the temperature of the water. 
Nearly all vibrios can grow at temperatures between 13 and 22°C and where salinity 
ranges from 5-25 parts per thousand (ppt) (Kasper et al 1993). Under these 
conditions most Vibrio species will proliferate.
Eleven Vibrio species have been implicated as a cause of infection in humans while 
many others cause disease in marine animals (Table 1.1). The main human pathogens 
V. cholerae, V. vulnificus and V. parahaemolyticus are discussed in detail later in this 
chapter. V. fluvialis V hollisae and V. mimicus have also been isolated from patients 
with diarrhoeal disease. Less commonly, V. fluvialis has been implicated in wound 
infections from patients (Tacket et al 1982) while V. mimicus have been known to 
cause ear infections (Shandera et al 1983). V. alginolyticus was first recognised as 
pathogenic to humans in 1973 and has been reported to cause wound infections, ear 
infections and less commonly gastroenteritis (Hlady and Klontz, 1996). In the USA,
71% of K alginolyticus infections present as wound infections (Hlady and Klontz,
1996). Photobacterium damsela formerly known as Vibrio damsela (shares DNA 
homology with vibrios but is distinct) may cause wound or soft tissue infections 
exclusively (Clarridge and Zighelbom-Daum, 1985).
V. furnissii causes gastroenteritis and can be commonly isolated from stool samples. 
The organism was isolated from 14 patients in 1994 during a cholera surveillance 
programme in Peru; 6 of these patients presented with diarrhoea while 8 had no 
symptoms (Dalsgaard et al 1996). The importance of V. furnissii as a human enteric 
pathogen remains unclear. V. metschnikovii can be found in the environment but has 
only fairly recently been implicated in human infection when it was isolated from the 
blood of a patient with diabetes (Jean-Jacques et al 1981). More recently it was 
identified in five children with diarrhoea during a cholera surveillance programme in 
Peru (Dalsgaard et al 1996). V. cincinnatiensis has been isolated from the 
cerobrospinal fluid and blood of a patient presenting with contusion at the University 
of Cincinnati in the USA (Bode et al 1986).
Table 1.1: A list of Vibrio species pathogenic to humans and their corresponding infections.
Vibrio species Gastroenteritis
Primaiy
Septicaemia
Wound
Infection
Ear
Infection
V. cholerae 01/0139 + -H - * -t- *
V. cholerae non-01 
and non 0139 -H -+ + -H -
-H"
V. parahaemolyticus -H -t- + -H - +
V vulnificus -H - + -H - + + + *
V fiuvialis -H -+ * + *
V alginolyticus -H - -F 4--H - + +
Ph. Damsela * * -H - *
V. furnissii 4 -H - * * *
V. hollisae +++ + + *
V. mimicus - f+ 4 - 4- -f-+ + +
V. metschnikovii + -1- * *
V. cincinnatiensis * -1- * *
+, rare presentation; ++ less common presentation; +++ most common presentation; * The 
association is yet to be firmly established. Table is redrawn from (West, 1989; Oliver and Kaper, 
1997).
1.3 Vibrio cholerae 01/0139
V. cholerae 01/0139 is responsible for epidemic cholera. It is a serious disease that 
continues to cause significant mortality and morbidity worldwide. V. cholerae can be 
identified by biochemical tests and further subdivided into serogroups based on the 
somatic O antigens. There are over 200 known serotypes of V. cholerae (Yamai et al
1997) but only two of these are capable of causing epidemic cholera: 01 and 0139. 
The V. cholerae 01 serogroup has been responsible for both pandemic and epidemic 
cases of cholera. It can be divided into two different biotypes; classical and El Tor. 
In 1961, the 7* cholera pandemic began in Indonesia. Known as V. cholerae serotype 
01 El Tor, it spread from Indonesia to other countries in Asia and to the Middle East. 
During the 1970s, El Tor spread to West Africa and eventually became endemic in 
countries across most of the continent. By 1991, it reached South America and 
continued to spread into a further 11 countries in Latin America (Sack et al 2004). In 
1992, large outbreaks of a non-01 serogroup called 0139 (previously unknown)
emerged in India and Bangladesh, causing epidemic cholera throughout the Indian 
subcontinent. It has since extended to 11 other countries in South East Asia and is 
considered likely to be responsible for the next cholera pandemic (WHO, 2007).
1.3.1 Transmission and Incidence
Unlike other members of the genus, V. cholerae is an inhabitant of fresh water and 
has no absolute requirement for more than trace amounts of sodium ions (Sack et al 
2004). It can cause infection in humans and other primates (Sack et al 2004). 
Disease can be contracted by ingestion of water or foodstuffs contaminated with 
human faeces containing V. cholerae. Shellfish have also been implicated as vehicles 
of infection if grown in contaminated fresh and estuarine waters and consumed raw or 
lightly cooked. In many regions of the world where there is a lack of good hygienic 
practice, sanitation and sewage control, cholera maybe endemic. During 2006, the 
number of cholera cases reported to the World Health Organisation (WHO) rose 
dramatically, reaching the levels of the late 1990s. Globally, a total of 236, 896 cases 
were notified from 52 countries, including 6311 deaths, an overall increase of 79% 
compared with the number of cases reported in 2005. In 2006, 62 cases were reported 
in Europe resulting in no deaths (WHO, 2007).
1.3.2 Symptoms and Treatment
V. cholerae 01/0139 has a short incubation period (2-3 days) and infection can last 
up to 7 days. Symptoms include production of copious amounts of watery diarrhoea 
and vomiting. In adults the rate of diarrhoea can reach 500-1000 millilitres per hour 
(Sack et al 2004) causing huge losses of water and electrolytes. This can result in 
severe dehydration, metabolic acidosis, hypokalemia and hypovolaemic shock 
resulting in cardiac failure. Untreated, the mortality rate for cholera is 40-60%;
however, if re-hydration fluids are given, survival rates can be significantly enhanced. 
Replacement of fluids by administration of oral rehydration solution consisting of 
salts and glucose in water is the recommended treatment. Sufficient fluid should be 
consumed to counteract the loss of the large amounts of water and electrolytes.
Figure 1.2: Cholera bed. V. cholerae symptoms include profuse diarrhoea of up to a one litre an hour 
that can lead to severe dehydration if left untreated.
1.3.3 Pathogenesis
Infection by V. cholerae is dependent on the presence of flagella (which allow the 
bacterium to swim to the intestinal mucosal surface) and pili (that help mediate 
adherence of the pathogen to mucosal cells). The symptoms of cholera are a result of 
the actions of an enterotoxin produced by the organism in the gastrointestinal tract. 
The cholera toxin is an ADP-ribosylating protein made of one enzymatic subunit and 
five binding subunits. The enzymatic subunit is encoded by a ctxA gene, while the 
binding subunits are encoded by ctxB genes. Excreted toxin attaches to the surface of 
the host mucosal cells by binding to the monosialosylganglioside (G m i). G m i is part 
of the plasma membrane and the toxin recognises the exposed oligosaccahrides on the 
surface. Once bound the enzymatic subunit is released, enters the cells and becomes 
enzymatically active. The subunit then ADP-ribosylates the G protein; Gs. These 
proteins are responsible for the regulation of adenylate cyclase levels in the host cell.
Levels of adenylate cyclase determine the concentrations of cyclic AMP (cAMP) in 
host cells. It is the generation of cAMP that leads to chloride and water secretion. 
The cholera toxin interferes with ADP ribosylation and locks the Gs proteins in the 
‘on’ form so that cAMP levels are uncontrolled and rise to high levels in the cells. 
The increased levels of cyclic AMP bring about the active secretion of chloride and 
bicarbonate ions from the mucosal cells into the intestinal lumen. The change in ionic 
balance leads to the secretion of large amounts of water into the lumen, which is in 
turn responsible for the copious diarrhoea produced in this disease.
1.4 Vibrio cholerae non 01/0139
V. cholerae non-01 serotypes are commonly isolated from the environment and have 
been reported from the UK (Bashford, et al 1979). Non-01/0139 V. cholerae can 
cause diarrhoeal disease in humans that is less severe than that caused by 01 types. It 
can cause septicaemia in immuno-compromised patients, wound and ear infections 
(Hlady and Klontz, 1996).
1.5 Vibrio vulnificus
V vulnificus is a significant human pathogen and its presence in shellfish and 
estuarine waters can present a serious public health risk. The bacterium can be split 
into three biotypes based upon the lipopolysaccharide arrangement. Biotype 1 is 
responsible for human disease, causing 95% of shellfish related deaths in the USA 
(Oliver et al 1991) and is discussed further below. This biotype has been isolated 
from the intestinal contents of finfish and from bivalve molluscs, whereas biotype 2 is 
highly virulent in eels, producing a fatal haemorrhagic septicaemia (Tison et al 1982; 
Amaro et al 1992). Biotype 3 has recently been reported in Israel, from individuals
with wound infections and bacteraemia that have been exposed to cultured tilapia 
(Bishrat et al 1999).
1.5.1 Transmission and Incidence
V. vulnificus (biotype 1) infections can arise when individuals eat contaminated 
shellfish causing seafood-related gastroenteritis and septicaemia, or potentially via 
wound infections if open wounds are exposed to sea water containing the organism. 
It is generally found in tropical or subtropical climates and has been isolated from 
temperature ranges of 9-31°C (Strom and Paranjpye, 2000). Human infections have 
been reported in Japan, Taiwan, Australia, Europe, Brazil and the USA (Arias et al
1998). The bacterium can proliferate in seawaters where the temperature exceeds 
18°C, and consequently tends to be more frequently isolated during the warmer 
summer months, for example, in the Gulf Coast states of the USA the levels of V. 
vulnificus in shellfish peak between April and October. This correlates with an 
increase in incidence of disease in the region where between the months of May and 
October, an average of 30-40 cases of V. vulnificus infection are reported annually. 
This seasonality accounts for over 85% of annual V. vulnificus cases (GDC/ 
Morbidity, Mortality Weekly 1998).
V. vulnificus isolation at colder temperatures is difficult, as it is thought that below 
10°C, the bacteria enter a viable but non-culturable (VBNC) state (Oliver et al 1995) 
regardless of nutrient levels (Strom and Paranjpye, 2000). One explanation for the 
inability to culture this bacterium from low water temperatures is the reduced activity 
of the catalase gene (Kong et al 2004). Catalase activity is required to neutralise 
hydrogen peroxide present in culture media. The expression of this gene is 
substantially reduced at temperatures below <10°C, and results in increased
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sensitivity to peroxide thus restricting or preventing growth on traditional culture 
media (Oliver, 2006). It has been shown that if bacterial cells in the VBNC state are 
subjected to a gradual temperature up shift, then cells can recover from this state. 
Furthermore, the cells are fully culturable and retain their virulence (Oliver and 
Bockian, 1995).
1.5.2 Symptoms
V. vulnificus is a significant human pathogen that can cause serious and sometimes 
fatal infections. It is responsible for three types of infection, gastroenteritis, primary 
septicaemia and fatal wound infections. Gastroenteritis mainly results in abdominal 
cramps, vomiting or diarrhoea, nausea and headaches. This type of illness is usually 
self-limiting and does not require hospitalisation and thus can often be unreported. 
There have been no fatalities reported from V. vulnificus gastroenteritis (Oliver, 
2006).
Primary septicaemia is the most significant form of V. vulnificus infection that can 
develop 36 hours after ingestion of raw or undercooked shellfish. Symptoms can 
include fever, nausea, hypotension and patients can develop cutaneous lesions. These 
lesions can be fluid filled blisters or necrotic areas with surrounded bullae seen 
commonly on the legs and feet. The infection can progress rapidly and although the 
number of primary septicaemia cases may be low the fatality rate is high (approx 
50%) especially in immunocompromised patients.
The third type of infection caused by V. vulnificus is related to wound infection and is 
usually acquired as a result of mild/severe trauma (cuts and abrasions) or exposing 
pre-existing open wounds to contaminated shellfish or marine waters where the
organism is present. The organism can directly invade tissue cells to cause fever, 
chills, necrotic ulcers, cellulitis and neerotising fasciitis (Figure 1.3). Treatment in 
these cases is usually through immediate antibiotic treatment and surgical intervention 
if needed. Hospitalisation in both septicaemia and wound infections can last 2 to 6 
weeks.
Figure 1.3:Bulbous lesions and neerotising fasciitis caused by V. vulnificus. Both symptoms can be 
caused by exposure to infected seawater. If  these infections go untreated then they can be fatal within 
hours. (Source: Oliver, 2005)
'
Host susceptibility is an important factor in the severity of V. vulnificus infections. 
Patients found to be most susceptible are male, alcoholics (>80% of all cases) and 
individuals with liver disease. In these cases the most significant predisposing factor 
is elevated levels of iron in the serum, which allows V. vulnificus to grow in the 
blood. Other known risk factors include those with clironic conditions such as 
diabetes mellitus, renal disease, hemochromatosis, thalassemia major, low gastric 
acid, intestinal disease and those with suppressed immune systems. Education 
programmes in the US target vulnerable groups issuing advice warning about the 
dangers of eating raw or undercooked shellfish.
1.5.3 Pathogenesis
Pathogenicity of V. vulnificus in humans is caused by a combination of factors. 
Firstly, the bacteria are encapsulated in a protective capsular polysaccharide (CPS). 
The CPS in V. vulnificus, as in many other Gram-negative bacteria, prevents the
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bacterium from being phagocytosed by macrophages. Only strains of K vulnificus 
that are encapsulated are virulent, although it has been documented that cells can 
switch repeatedly between encapsulated and non-encapsulated forms (Oliver, 2006). 
Secondly, the bacterium has a lipopolysaccahride (LPS) layer, which induces multiple 
cellular host immune mechanisms including the clotting pathway, leading to 
disseminated intravascular coagulation (DIG). DIG is known to promote septic shock 
and fever. V. vulnificus aetiology primary septicaemia can occur in 80% of infected 
males (Oliver, 2006). This host susceptibility can be attributed to the role LPS plays 
in infection. Studies carried out have shown that female rats were less susceptible 
when compared to males when subjected to V. vulnificus LPS-induced endotoxic 
shock due to the presence of the female hormone oestrogen (Merkel et al 2001). 
Together GPS and LPS play an important role in host cytokine response, which 
contributes to the onset of inflammation, tissue damage and septicaemic shock during 
systemic V. vulnificus infections.
V. vulnificus also produces two haemolysins that may be implicated in pathogenicity. 
The first is a cytolysin, a 56 kDa enzyme that is able to lyse mammalian erythrocytes 
as well as cause vascular permeability in guinea pig skin (Gray and Kreger, 1987). 
The gene for cytolysin has been cloned, sequenced and designated vvhA (Yamamoto 
et al 1990). The second haemolysin is a 40 kDa polypeptide that produces a clear 
haemolytic zone in rabbit blood agar (Strom and Paranjpye, 2000). It was cloned and 
sequenced in 1997 (Ghang et al 1997) and designated vllY. Ghang and co workers 
showed that it was present in 41 strains of clinical V. vulnificus^ and induced 
haemolysis and colour production in recombinant Escherichia coli cells. It is not 
fully understood what role vllY plays in V. vulnificus pathogenicity but it has been
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suggested that it may be responsible for its survival when under stress and be a 
virulence determinant (Chang et al 1997).
1.6 Vibrio parahaemolyticus
V parahaemolyticus was discovered in 1951 in Osaka, Japan following an outbreak 
involving 272 patients with acute gastroenteritis and 20 deaths after the consumption 
of shirasu (dried seafood) (Fujino et al 1953). It is a halophilic, non-sucrose 
fermenting bacterium, frequently isolated from seawater, bivalve molluscs and 
Crustacea. It primarily causes gastroenteritis in humans and is present in temperate 
and tropical coastal environments worldwide. The genome of V. parahaemolyticus 
strain R1MD2210633 was sequenced in 2003 (Makino et al 2003). This showed that 
V. parahaemolyticus contained two circular chromosomes containing 4832 genes that 
coded for bacterial adherence, biofilm formation, and transcription factors amongst 
others. Approximately 40% of the genes coded for hypothetical proteins including 
proteins that are both conserved and non conserved in other bacteria.
1.6.1 Transmission and Incidence
V. parahaemolyticus is commonly found where sea temperatures are >13°C. It is 
unable to grow at hydrostatic pressures of 200 to 1000 atmospheres. Therefore its 
habitat is restricted to inshore coastal and estuarine environments (Schwartz and 
Colwell, 1974). Infections were traditionally limited to subtropical regions of USA 
and Southeast Asia where ambient seawater temperatures are higher (>20°C); where it 
is reported to be the primary cause of seafood-associated gastroenteritis (Joseph et al 
1982; Mead et al 1999). V. parahaemolyticus infections peak in the summer seasons 
when sea temperatures are optimum. The bacterium can naturally accumulate in 
filter-feeding bivalve molluscs such as oysters and mussels. It can also be isolated
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from other seafoods such as codfish, sardine, clams, octopus, shrimp, crab, flounder, 
mackerel, scallop and lobster (Liston et al 1990). The pathogen can be destroyed 
during the cooking process (Anon, 2001), thus infection is generally associated with 
eating raw shellfish or cooked seafood products that have been cross-contaminated by 
raw shellfish or contaminated water.
V. parahaemolyticus has three main antigens: thermostable O antigen, thermolabile 
capsular K and flagellar H. Based on the O and K antigens, a serological grouping 
system has been devised and is applied in many epidemiological investigations. Since 
1996, one particular serotype V. parahaemolyticus 03:K6 and its clonal derivatives 
04:K68, 01:K25, and OLKUT have been implicated in hundreds of cases across the 
world giving rise to the first pandemic of V. parahaemolyticus. The V. 
parahaemolyticus 03:K6 serotype has accounted for the increased incidence of 
gastroenteritis cases seen first in Asia since 1996 (Okuda et al 1997 a). In May 1998, 
the largest V. parahaemolyticus outbreak in the USA occurred, where 416 cases of 
gastroenteritis were reported. This outbreak was directly related to the consumption 
of raw oysters from Galveston Bay, Texas (DePaola et al 2000). From confirmed 
cases, all clinical isolates were found to belong to the serotype 03:K6, raising 
awareness and identifying a major concern for public health authorities. In 1998 and 
2004, the 03:K6 clone, was reported in two separate outbreaks in Chile, where 1500 
infections were recorded (Gonzalez-Escalona et al 2005). A further 76 cases of 
03:K6 V. parahaemolyticus gastroenteritis were reported in Spain in 2004, marking 
the emergence of the 03:K6 pandemic strain in Europe (Martinez-Urtaza et al 2005). 
This topic is discussed in more detail in Chapter 4.
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V. parahaemolyticus has been shown to be present in the marine environment of 
several European countries, including France (Hervio-Heath et al 2002), Spain 
(Lozano-Leon, 2003) Holland (Van den Broek et al 1979), Sweden (Kronkvist et al 
2007) and Norway (Bauer et al 2006). In a recent study by Robert-Pillot et al (2004), 
135 environmental samples from the west coast of France including Brittany and the 
Gironde estuary were tested. From Brittany, 3% of V. parahaemolyticus found 
contained the thermostable related haemolysin (TRH), which is a pathogenicity 
marker associated with gastroenteritis, while in the Gironde Estuary 15% were 
positive for the pathogenic haemolysin. This indicates that pathogenic strains of V. 
parahaemolyticus are common in this area of France (Robert-Pillot et al 2004). V. 
parahaemolyticus has also been reported in the UK, (Ayres and Barrow, 1978; 
Wagley et al 2008). Between 2002 and 2006 over 150 samples of shellfish were 
tested from the UK. Of these 30% of samples were positive for V. parahaemolyticus 
(Wagley et al 2008). More recently V. parahaemolyticus has also been identified 
from other European countries where temperatures are cooler, such as Norway (Bauer 
et al 2006) and Sweden (Kronkvist et al 2007). These show the presence and wide 
distribution of the organism across Europe.
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Table 1.2: Incidence of V. parahaemolyticus throughout Europe both clinical and environmental 
Clinical Cases
Country Period considered Number of cases Reference
Spain 1989 8 Molero et al 1989
1999 64 Lozano-Leon et al 2003
2004 76 Martinez-Urtaza et al 2005
France 1995-2004 17 Quilici et al 2005
Sweden 1992-1997 350 Lindqvist et al 2000
Denmark 1987-1992 13
Homstrup and Gahm-Hansen, 
1993
UK 1995-1999
2004-2005
115
46 Anon, 2006 (a)
Environmental studies published
Country Period considered
% (Positive 
samples/total tested) Reference
France 1999 21.7 (41/189) Hervio-Heath et al 2002
Italy 2003 24.3 (35/144) Ottaviani et al 2005
Norway 2002-2004 10.3 (91/885) Bauer et al 2006
Netherlands 1979 8.8 (9/102) Van den Broek et al 1997
Sweden 2006 100(16/16) Kronkvist et al 2007
UK 2002-2006 29.8 (48/161) Wagley et al 2008
Spain 2002-2004 12.5 (194/1551) Martinez-Urtaza et al 2008
However, in both the UK and Europe outbreaks associated with this organism are 
rare. Eight cases of acute gastroenteritis were reported in Spain in 1989 after the 
consumption of finfish and shellfish (Molero et al 1989). An outbreak in France, 
follovHng the consumption of shrimps that had been imported from Asia, occurred in 
1997 (Lemoine et al 1999). In Galicia, Spain, 64 cases were reported in 1999 after an 
outbreak involving raw oyster consumption (Lozano-Leon et al 2003). Table 1.2 
shows the incidence of V. parahaemolyticus infections that have been reported in 
recent years throughout Europe. In the UK, the incidence of V. parahaemolyticus 
associated gastroenteritis is generally low where between 1995-1999, 115 cases were 
reported and between 2004-2005 46 cases were reported (HPA, 2006). It is thought 
that V. parahaemolyticus infections are under reported in the UK and Europe.
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1.6.2 Symptoms
The main clinical manifestation of infection by V. parahaemolyticus is gastroenteritis. 
When the bacterium is ingested it can cause watery bloody diarrhoea (see Figure 1.4), 
abdominal cramp, nausea, vomiting, fever and chills. These symptoms usually occur 
within 24 hour of ingestion and illness is self-limiting, lasting up to 3-10 days (lida et 
al 1990). However, immunocompromised patients and patients with liver problems 
may require hospitalisation. V. parahaemolyticus has been known to cause wound 
infections on occasions, and is an infrequent cause of septicaemia (Mautner et al 
1979; Ghosh and Bowen, 1980; Johnson et al 1984; Ahsan et al 1988; Hsu et al 
1993). The bacterium has also been isolated from ears (McSweeny and Forgan-Smith 
1977), blood (Tay and Yu, 1989), eyes (Tacket et al 1982) and synovial fluid (Pones 
and Fuchs, 1975).
Figure 1.4: Types of diarrhoea caused by vibrios (Source, Nair, 2007).
The bucket o f  bloody diarrhoea on the left is caused by V. parahaem olyticus  infection where 
haem olysins have caused blood cells to lyse. The bucket on the right shows typical rice water 
stool from a patient suffering from cholera infection.
1.6.3 Pathogenesis
The mechanism of infection by V. parahaemolyticus is not fully understood. 
However, it is well documented that pathogenicity is associated with the production
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of haemolysins (Tada et al 1992, Nishibuchi and Kaper 1995). Miyamoto et al (1969) 
observed that V. parahaemolyticus from human sources exhibited haemolysis on 
blood agar while those from the environment and seafood did not possess this trait. 
Since this observation five haemolysins with varying degrees of haemolytic properties 
have been recorded. The two main haemolysins are thermostable direct haemolysin 
(TDH) and thermostable related haemolysin (TRH), encoded by the tdh and trh 
opérons (Tada et al 1992). TDH was isolated in the late 1970s from patients 
presenting with gastrointestinal disease. Studies showed that the haemolysin was able 
to lyse red blood cells from various animal cells and additionally had cytotoxic effects 
on cultured cells (Honda et al 1992; Honda and lida, 1993). TRH was not recognised 
until the late 1980s when it was isolated from travellers returning from the Maldives 
with diarrhoea (Honda et al 1988). The Maldive strains did not contain TDH but a 
new toxin was identified, which was subsequently referred to as thermostable related 
haemolysin (TRH).
An estimated 99% of strains isolated from patients possess the tdh and/or trh gene, 
however strains isolated from the environment carry these genes less frequently (0 .1 - 
6 %) (Takeda 1983; Shirai et al 1990; Honda and lida 1993; Nishibuchi and Kaper, 
1995; FDA, 2001). The FDA level of concern for V. parahaemolyticus is reportedly 
in the region of 10,000 TDH/TRH producing cells g'  ^ (McCarthy et al 1999; DePaola 
et al 2000; FDA, 2001; Cook et al 2002). This level is based on data from a very 
small number of human volunteer studies such as that carried out by Sanyal and Sen 
(1974). In this study the authors showed that 10^-10^ CFU of V. parahaemolyticus 
was required to elicit gastroenteritis. Barker and co-workers (1974) showed that a 
similar range of TDH/TRH producing cells was required to cause symptomatic
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infection following consumption of contaminated cooked crabs. However, this 
infectious dose level was estimated from studies conducted over 30 years ago, and it 
is postulated that the level required for infection could be as low as 1 0 0 - 1 0 0 0  cells, 
although there is not enough evidence in the published literature to substantiate this. 
In recognition of this uncertainty associated with potential public health risk, the FDA 
close shellfish harvesting areas based upon reported illness and do not rely on the 
presence of potentially toxigenic cells. At present a WHO/FAO draft risk assessment 
is in preparation with the aim of establishing a risk profile for K parahaemolyticus in 
seafoods.
V. parahaemolyticus is known to produce at least three other haemolysins, the 
thermolabile haemolysin (TLH), (Taniguchi et al 1985), phospholipase A (Yanagase 
et al 1968) and lysophospholipase (Yanagase et al 1970). These haemolysins are less 
well studied but may indirectly enhance haemolysis (Levin, 2006). It has also been 
suggested that there is a correlation between TRH positive strains and the urease gene 
(Magalhaes et al 1992; Suthienkul et al 1995; Okuda et al 1997 a). In many bacteria 
capable of producing pathogenesis in humans, such as Yersina enterocolitica and 
Helicobacter pylori, the presence of urease is linked to an increased acid tolerance 
aiding initiation of infection (Turbett et al 1992; DePaola et al 2000).
The genome of an 03:K6 (TDH positive) strain of V. parahaemolyticus isolated from 
a patient with travellers’ diarrhoea has been sequenced. Studies on the genome have 
shown that it possesses two sets of genes that encode for a type three-secretion system 
(TTSS) implicated in pathogenesis (Makino et al 2003). TTSS have been identified 
in many Gram-negative bacteria that commonly induce diarrhoea in humans such as
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Shigella species, Salmonella species and Escherichia coli. TTSS assist bacterial 
colonisation and invasion of the epithelial cells that line the wall of the gastro­
intestinal tract. TTSS’s allow the bacteria to inject proteins into eukaryotic cells. It 
has been shown that V. cholerae does not posses a TTSS, suggesting that V. 
parahaemolyticus has separately evolved a distinct mechanism for establishing 
disease in humans. Information on the genome of V. parahaemolyticus will enable 
more research into the pathogenesis mechanisms of the organism.
1.7 Trade issues in the United Kingdom and European Union
Currently, scant information exists across the EU on the prevalence and 
epidemiological significance of Vibrio species in seafoods entering or harvested in 
European member states. In recent years there has been an increase in demand for 
seafood products largely due to the perceived increase health benefits associated with 
their consumption and consequently there has been a significant increase in trade of 
these products (Gudmundsson et al 2006). In EU food hygiene regulations 
concerning the microbiological safety of foodstuffs there are no required standards for 
Vibrio species in seafoods. This is in recognition of the inadequacy of current 
detection methods, particularly with respect to V. parahaemolyticus (Anon, 2001). 
However, in some Member States horizontal legislation has been introduced to 
determine the Vibrio status of selected imported seafoods such as cooked Crustacea 
and molluscan shellfish, particularly those derived fi'om third countries (i.e. outside 
the EU). In some cases this has created significant trade issues associated with the 
imposition of different quality standards and policies regarding the microbiological 
safety within the internal market. However, EU food law states that when seafood 
consignments are identified as contravening safety standards at borders, authorities in 
that member state have an obligation to notify all other member states of the
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detention. This is achieved via the EU rapid alert system. A rapid alert is established 
on food commodities that do not meet food safety requirements and are considered to 
represent a serious risk to the health of the consumer. The legal basis for the system 
is contained within Council Regulation (EC) No. 178/2002 regarding general food 
safety. Table 1.3 shows results of a study considering EU rapid alerts in non-EU 
countries exporting seafood products into EU member states between 1999 and 2002. 
It was concluded that the presence of Vibrio species caused the most detentions or 
rejections at EU borders accounting for around 40% of all cases (Ababouch et al 
2005).
Table 1.3: The causes of detention and rejection of seafood imported into the European Union.
The table below shows that V. parahaemolyticus is the leading cause for the detention and rejection o f  
seafoods. However, only a small proportion o f V. parahaemolyticus isolated from environmental 
samples, possess the pathogenicity traits required to cause gastrointestinal disease in humans. 
Adapted from Ababouch et a l 2005.
1999 2000 2001 2002 Total %
Vibrio 32 42 39 52 165 39.8
Salmonella 31 37 19 28 115 27.7
Enterobacteria 17 6 2 16 41 9.9
Total Count 15 9 15 39 9.4
Parasites 1 - 13 14 28 6.7
Staphylococcus 7 2 1 2 12 2.9
E. coli 1 2 1 5 9 2.2
Other ■ 1 5 - - 6 1.4
V parahaemolyticus is not included in the European network for epidemiological 
surveillance and control of communicable disease, and is also excluded from the 
microbiological surveillance system for infectious gastroenteritis. However, it is clear 
from Table 1.3 and the ongoing number of Fzôno-related detention and rejections 
notified via the rapid alert system that imported seafoods are frequently tested for 
Vibrio species. Furthermore, there is a lack of standardisation and clarity with respect
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to the methodologies utilised to detect Vibrio species and thus the public health 
significance of such isolations is uncertain.
In Canada imported ready-to-eat seafoods must be free of V. cholerae while in the 
USA both V. cholerae and V. vulnificus must be absent. V. parahaemolyticus in 
imported cooked Crustacea must be <100/g in Japan and <10^ in ready-to-eat seafoods 
in the USA (Ababouch et al 2005). Clearly where limits do exist there is little, 
standardisation between deemed acceptable levels in terms of public health risk. This 
issue is compounded by the wide variety of methodologies used for the detection and 
enumeration of Vibrio species in seafoods. These methods vary widely within Europe 
and elsewhere. It is therefore difficult to compare data generated by different 
agencies and to assess the public health significance of the isolations. This is 
particularly the case for V. parahaemolyticus, isolated from environmental samples 
such as seafoods, where it is estimated that only a small proportion of isolates possess 
the pathogenicity traits (i.e. TDH and/or TRH) required to cause gastro-intestinal 
disease in humans. Thus, testing regimes that report total V. parahaemolyticus, or 
even total vibrios, may lead to unnecessary consumer alarm and do not constitute the 
most effective means of public health protection.
1.8 Detection and Enumeration Methods
1.8.1 Classical screening tests
A wide variety of enrichment and selective media for the isolation of Vibrio species 
have been developed and reviewed with respect to their ability to recover and 
differentiate target Vibrio species (Hara-Kudo et al 2001; Harwood et al 2004). Most 
methods involve the use of enrichment broths that utilise the ability of vibrios to grow
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in the presence of high NaCl concentrations, and at high pH levels, followed by 
plating onto a differentiating media. Alkaline salt peptone water (ASPW) is the most 
commonly used enrichment medium for isolation. Marine agar is a non-selective agar 
on which nearly all vibrios will grow along with a substantial variety of other non­
vibrios. Marine agar is not recommended for further analyses of bacteria due to the 
high concentration of ions in the agar, which may alter results of purification, 
identification, and antibiotic susceptibility (Gomez-Gil and Roque, 2006).
Thiosulphate Citrate Bile Sucrose (TCBS) agar is the most common selective 
isolation media for pathogenic Vibrio species from clinical, food and environmental 
samples (Kobayshi et al 1963). It was originally designed to distinguish between V. 
cholerae and V. parahaemolyticus. The medium uses an indicator system to detect the 
production of acid from sucrose. Thus, the medium enables the selection of sucrose 
non-fermenting and fermenting Vibrio species, with V. parahaemolyticus, V. 
vulnificus, and V. fiuvialis as non-sucrose fermenters, that produce green phenotypes. 
This is in contrast to V. cholerae, a sucrose fermenter that phenotypically produces 
yellow colonies on TCBS (see Figure 1.5). V. hollisae is unable to grow on TCBS 
agar while V. cincinnatiensis and V. metschnikovii grow poorly. Gram-positive 
bacteria and coliforms are inhibited on TCBS because of the high concentrations of 
bile in the agar. Some Shewanella and Aeromonas species are able to produce green 
colonies that can interfere with pathogenic Vibrio identification, as these tend to 
appear as smaller green colonies compared to V. parahaemolyticus.
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Figure 1.5: Growth of V. parahaemolyticus on TCBS, TSAT, Marine and Chromagar. Picture A 
is of both sucrose fermenting (yellow colonies) such as V. fluvialis and sucrose non-fermenting 
(green colonies) such as V. parahaemolyticus on TCBS agar. All agars have growth of V. 
parahaemolyticus TSAT agar (B), Chromagar (C) and Marine agar (D). (Source Sariqa Wagley, 
Cefas).
Another medium that can be effective in the recovery of V. parahaemolyticus from 
the environment is Tryptone Soya Agar supplemented with triphenyltetrazolium 
chloride (TSAT). It was first described by Kourany (1983) to help distinguish 
between V. parahaemolyticus and V. alginolyticus. V. parahaemolyticus typically 
appears as dark red colonies (2-3mm) (see Figure 1.5) while V. alginolyticus colonies 
are small and white colonies with occasional pink centres. TSAT offers an advantage 
over TCBS when used as a primary isolation medium for V. parahaemolyticus in 
samples that contain high numbers of V. alginolyticus. This is because on TCBS V. 
alginolyticus can swann across plates masking any V. parahaemolyticus colonies that 
might be present. Thus, using TSAT as a complementary medium to TCBS is 
recommended in ISO (International Standards Organisations) standards for V. 
parahaemolyticus detection (Anon, 2007). Some Proteus species are able to produce 
dark red colonies on TSAT that can be mistaken for V. parahaemolyticus. With all 
presumptive isolations based upon phenotypic appearance on semi-selective or
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differentiation media, appropriate discriminatory biochemical characterisation tests on 
presumptive colonies from both TCBS and TSAT are imperative for correct 
identification.
A wide range of biochemical tests have been utilised to screen for the presence of 
vibrios, some of the most fi*equently used are described here. All Vibrio species are 
Gram negative, oxidase positive, produce acid from glucose and have an absolute 
requirement for sodium ions. The oxidase test allows the differentiation between 
Vibrio species and the closely related oxidase negative Aeromonas species (Baumann 
et al 1984). Growth in 0% NaCl peptone water enables the differentiation of V. 
cholerae and V. mimicus from other Vibrio species, as their requirement for salt is 
much lower. The trace amounts of sodium ions present in peptone water are not 
sufficient to support the grovyth of the truly estuarine and marine species such as V. 
parahaemolyticus and V. vulnificus. The Voges Proskauer (VP) reaction detects 
acetoin production and allows the differentiation between V. cholerae and V. mimicus 
with only V. cholerae producing a positive reaction. Thomley’s arginine medium, 
tests for the presence of the enzyme arginine dihydrolase. This enzyme is present in 
V. fiuvialis and allows discrimination between this organism and other pathogenic 
vibrios (Barrow and Feltham, 1965). Antibiotic susceptibility tests can also help 
distinguish between the different Vibrio species. For example, V. parahaemolyticus is 
resistant to Vibrio-static agent 0/129 (2,4-diamino-6,7-di-iso-propylpteridine 
phosphate) lOpg and sensitive to 150pg while V. cholerae is sensitive to both 
concentrations. There are many other biochemical tests that can help distinguish 
pathogenic Vibrio species fi'om non-pathogenic strains. These have been summarised 
in Table 1.4.
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Table 1.4: Biochemical reactions expected by some Vibrio species. The table includes some of the 
biochemical tests that can be used to identify a strain.
V. alginolyticus V. cholerae V. fluvialis V. hollisae V. mimicus V. parahaemolyticus V. vulnificus
TCBS agar Y Y Y NG G G G
Oxidase + + + + + + +
Arginine +
dihydrolase
Lysine + + + + +
decarboxylase 
Growth in (w/v): 
0% NaCl + +
3% NaCl + + + + + + +
6% NaCl + - + + - + +
8% NaCl + - V - - + -
10% NaCl + - - - - - -
Acid from: 
D-Cellobiose + V +
Lactose - - - - - - +
Arabinose - - + + - + -
ONPG - + + - + - +
V oges-Proskauer + V - - - - -
Gelatinase + + + - + + +
Sensitivity to: 
10 pg 0/129 R s R nd S R S
150 pg 0/129 S s S nd S S s
Y = Yellow
V = Variable
G = Green 
R = Resistant
NG 
S =
= No Growth 
Sensitive
For rapid identification, commercial kits may be used such as API 20E/20NE 
(BioMérieux Ltd), and Biolog (Technopath Ltd) systems. API 20E galleries can give 
an overnight identification of V. parahaemolyticus and have shown an accuracy of 
over 90% for V. parahaemolyticus when compared to other commercial systems 
(O’Hara et al 2003). However, one drawback is that non-pathogenic Vibrio species 
that commonly occur in seafood matrices can frequently be misidentified or can often 
give ambiguous results. Furthermore, not all potentially pathogenic Vibrio species are 
identified in the databases that support the system, thus reliance upon commercial 
galleries alone to identify Vibrio species is not recommended. Alsina and Blanch 
(1994 (a & b)) proposed a set of biochemical keys to identify Vibrio species of both 
clinical and environmental origin. The keys consisted of 29 tests in total but with a
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maximum set of 10 tests sufficient for the most complicated identifications. Ottaviani 
et al (2003) optimised these tests further with respect to temperature, incubation times 
and media composition and showed good identification of a large number of reference 
and environmental Vibrio strains.
1.8.2 Classical detection of TDH and TRH in K parahaemolyticus
TDH positive strains can be identified according to their ability to P-haemolyse red 
blood cells on Wagatsuma agar (Wagatsuma, 1968) knovm as the Kanagawa 
Phenomenon. The Kanagawa Phenomenon was observed in 88-96% of strains from 
clinical specimens and in <1% of strains from non-clinical strains (Miyamoto et al 
1969). For optimum recovery, Wagatsuma agar must contain human blood. The use 
of human blood is severely restricted and consequently this medium is difficult to 
obtain in the laboratory. The use of sheep or rabbit blood as a substitute produces 
weak or no haemolysis. Furthermore, this assay can take up to several days and is 
highly variable and often very difficult to observe. An enzyme-linked immunosorbent 
assay (ELISA)-based system is commercially available for the identification of V. 
parahaemolyticus Kanagawa positive cultures of V. parahaemolyticus (Honda et al 
1985). However, there is no routine conventional assay for the detection of TRH 
positive strains. It has been reported that there is some correlation between clinical 
TRH positive strains and urease activity (Magalhaes et al 1992; Suthienkul et al 1995; 
Okuda et al 1997 (a)) but this association has been questioned for environmental 
strains (Nakaguchi et al 2003). Furthermore, it has also been reported that some 
clinical strains that lack TDH and TRH produce urease (Kelly and Stroh, 1989; Honda 
et al 1992). Abbot et al (1989) reported that by 1983, urease positive clinical isolates 
were the predominate biotype isolated from the West coast of California and Mexico. 
These studies determined that urease positive V. parahaemolyticus strains (regardless
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of their TDH/TRH status) may be enteropathogenic (Nolan et al 1984; Abbott et al 
1989; Kelly and Stroh, 1989; Honda et al 1992). Urease positive strains were tested 
in rabbit intestinal loops and were shown to induee fluid accumulation, which is also 
observed in TDH/TRH strains (Honda et al 1992).
Figure 1.6: V. parahaemolyticus colonies on Wagatsuma agar exhibiting p-haemolysis. The three 
colonies on the left show full haemolysis around the colonies (2-3mm). This specialist medium 
comprises of human blood and tdh positive strains cause haemolysis on the agar. (Source Aklak 
Miah, University of Plymouth).
1.8.3 Direct Plate Count, Most Probable Number (MPN) Technique and 
Hydrophobic Grid Membrane Filtration (HGMF) Method
Direct plate count for the enumeration of viable bacteria relies on the growth of a 
colony when a portion of the sample is inoeulated on appropriate eulture medium. 
For V. parahaemolyticus this medium is usually TCBS agar. Colonies then require 
biochemical or molecular confirmation.
MPN methods involve performing replicate serial dilutions on a sample to a level 
where a proportion, but not all tubes, in the lowest dilution series contain viable 
organisms. The number and format of tubes together with the number of tubes with 
viable organisms enables an estimate of bacteria in the original sample (Oblinger and
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Koburger, 1975). The use of MPN methods has been described extensively for the 
enumeration of bacterial pathogens including V. parahaemolyticus and is currently 
advised by the Food and Drug Administration (FDA) for enumeration of V. 
parahaemolyticus in seafoods (Kaysner and DePaola, 2004). The FDA recommends 
the use of a 3-tube 3-dilution format prepared using ASPW as the enrichment 
medium. This is followed by plating the incubated enrichment broths onto a 
differentiating medium such as TCBS or TSAT agar. The MPN method requires the 
identification of a number of colonies from each plate which is time consuming and 
expensive in terms of media, reagents and other resources and is a major drawback of 
this approach. For example, if the subculture from each tube yields presumptive 
colonies, and 5 colonies are identified per plate, this means that 45 colonies from a 
single sample need to be identified using classical tests described as above or other 
methods. A further drawback of this method is the potential for overgrowth by non­
target organisms such as V. alginolyticus during the enrichment step. However, the 
MPN method is considered useful for detecting low concentrations of organisms 
(<1 0 0 /g) and for isolations from foodstuffs where particulate matter may interfere 
with accurate colony growth (Oblinger and Koburger, 1975).
HGMF methods utilise a membrane filter with hydrophobic grids that allows the 
detection and enumeration of bacteria without the use of extensive dilutions. An 
enumerative HGMF procedure has already been described for V. parahaemolyticus 
from seafoods (Entis and Boleszczuk, 1983). The HGMF method is usefiil for water 
samples and samples in which the food particles are small, and do not block the 
membranes during filtration. The method also requires biochemical confirmation of a 
large number of colonies which can be time consuming and expensive. However,
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both HGMF and MPN methods offer potentially more sensitive approaches to 
enumeration than direct plating methods on selective media.
1.8.4 Alkaline phosphatase labelled probing for tlh, tdh and trh
A more rapid and less labour intensive approach to enumeration of V. 
parahaemolyticus in seafoods has been described (McCarthy et al 1999). This 
technique utilises a tlh (thermolabile haemolysin) gene probe with an alkaline 
phosphatase label. This gene is well conserved throughout the species and has 
previously been described as being suitable species-specific marker for V. 
parahaemolyticus (Taniguchi et al 1985). The method involves using simple filter 
paper to carry out colony lifts from pre-incubated sample on T1N3 (1 % tryptone and 
3% NaCl) plates (Figure 1.7). The method allows for more rapid screening of 
numerous isolates and has been evaluated in a surveillance study for determining total 
V. parahaemolyticus from oysters (Ellison et al 2001). Ellison and co-workers found 
that MPN results generated using the method recommended by the FDA 
Bacteriological Analytical Manual (Kaysner and DePaola, 2004) showed good 
correlation (r=0.78) with the probing method. However, the probing method had the 
advantage of being rapid, less labour intensive and more sensitive than the MPN 
method. More recently an alkaline phosphatase probe based method was designed 
enabling detection and enumeration of pathogenicity genes TDH (McCarthy et al
2000) and TRH (Nordstrom et al 2006). These probe-based methods allow 
simultaneous enumeration of total potentially pathogenic V. parahaemolyticus 
directly from seafoods for the first time and have been utilised in several studies 
(DePaola et al 2000; DePaola et al 2003; Deepanjali et al 2005).
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Figure 1.7: Pathogenic V. parahaemolyticus detection by tlh and tdh alkaline phosphatase probes. 
Colonies are lifted off T 1 N3  plates onto Alter papers and then hybridised with an alkaline 
phosphatase labelled probe. Positive colonies appear as purple dots on the paper after the 
addition of a suitable colour substrate. (Source, Sariqa Wagley, Cefas).
1.8.5 PCR Methods
As a group, Vibrio species are notoriously difficult to speciate accurately. 
Commereial kits for rapid identification such as API 20E have been shown to identify 
V. parahaemolyticus with an accuracy of 96.6% (O’Hara et al 2003) but these require 
use in conjunction with classical screening tests such as those described in Section 
1.8.1. These tests are laborious, slow, taking several days to perform, and are difficult 
to interpret without specialist knowledge. Furthermore, conventional assays have low 
sensitivity and can fail to detect Vibrio species that are present at low levels in a 
sample or those with unusual phenotypic profiles. In addition, some authors have 
suggested that false positives and negatives frequently occur and advise additional 
eonfimiatory tests based upon Polymerase Chain Reaction (PCR) of target species 
specific markers (O’Hara et al 2003, Croci et al 2007). PCR allows the exponential 
amplification of DNA sequences and visualisation of a specific amplicon. Many PCR 
methods have been described for the identification of V. parahaemolyticus and its 
pathogenicity markers and have been described further below.
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1.8.5.1 PCR methods for K parahaemolyticus
The toxR gene was identified as a familial transmembrane transcriptional activator of 
the Vibrionaceae. It was first discovered as the regulatory gene of the cholera toxin 
operon and was later found to regulate many other genes in V. cholerae (Miller et al 
1987; DiRita, 1992). It is now well established that the toxR gene is well conserved 
throughout the genus Vibrio but exhibits sufficient sequence diversity between species 
to enable it to be used as a target region for identification of V. parahaemolyticus 
(Kim et al 1999). The sequences of toxR have been cloned from at least nine different 
Vibrio species (Reich and Schoolnik, 1994; Osoiro and Klose 2000; Okuda et al
2001). Kim et al (1999) established a toxR targeted PCR protocol for V. 
parahaemolyticus using 373 clinical and environmental strains of V. 
parahaemolyticus. The authors reported that all V. parahaemolyticus strains gave a 
specific amplicon whereas non- V. parahaemolyticus strains did not.
The thermolabile haemolysin (tlh) has also been considered as a species-specific 
marker for V. parahaemolyticus (Tanaguchi et al 1985). Extensive research has 
shown tlh is present in both clinical and environment strains of V. parahaemolyticus 
in the USA (McCarthy et al 1999) and Japan (Miwa et al 2003). The role that this 
haemolysin plays in virulence and enteropathogenicity of V. parahaemolyticus is 
unknown. A multiplex PCR assay utilising tlh has been developed to detect total and 
enterotoxigenic V. parahaemolyticus strains isolated fi'om human patients, seafoods, 
environmental waters, oyster processing plants and laboratory reference strains (Bej et 
al 1999). Furthermore, a real time PCR has also been developed to analyse total and 
toxigenic V. parahaemolyticus in oysters, shrimps, crabs, seawater and sediment 
(Vickery et al 2005). However, such assays have not been evaluated in strains
31
isolated from Europe and more work is required to demonstrate that tlh is a suitable 
species marker for European isolates. The tlh gene has also been targeted for the 
enumeration of total V. parahaemolyticus from seafoods (McCarthy et al 1999), 
which has already been described in Section 1.8.4.
Other targets that have been reportedly less successful for V. parahaemolyticus 
identification using PCR are gyrB, lôSrRNA and pR72H  The gyrase B (gyr-B) 
region was first proposed by Yamamoto and Harayama (1995) as a possible marker 
for V. parahaemolyticus. The gene encodes a B subunit protein of the DNA gyrase 
(topoisomerase type II). It is essential for DNA replication and has enough conserved 
regions for development of PCR primers. Venkateswaran et al (1998) showed the 
suitability of gyrB as a marker for V. parahaemolyticus from seafood samples 
following an 18h enrichment step. They found that V. parahaemolyticus was 
detectable even when competitive organisms like V. alginolyticus were present in the 
sample at ratios of 1:100. There are few other reports in the literature of the use of 
gyrB primer sets. However, it is noteworthy that using PCR running conditions 
specified in Venkateswaran et al (1998), Kim et al (1999) reported visualisation of 
correctly sized amplicons from strains of V. alginolyticus.
The 16SrRNA phytogeny is frequently used as a basis for bacterial identification and 
detection purposes. Dorsch et al (1992) examined the potential use of this region as a 
basis for V. parahaemolyticus detection, considering the sequences of 10 Vibrio 
species, including four pathogenic representatives. They found that even though V. 
parahaemolyticus was positioned at the core of the genus along with, amongst others, 
V. alginolyticus, V. campbellii, V. harveyi, and V vulnificus sites for species-specific
32
differentiation could not be established. Ruimy and co-workers (1994), determined 
that the 16SrRNA sequences obtained showed 99.7% homology between V. 
parahaemolyticus and V. alginolyticus. The authors concluded that the 16SrRNA 
region was not suitable for differentiation of V. parahaemolyticus and V. alginolyticus 
and other vibrios (Ruimy et al 1994).
Another region suitable for V. parahaemolyticus detection is a cloned region of the 
Hindlll DNA fragment termedpR72H  (Lee et al 1995). This target has been utilised 
by a number of workers in epidemiological, surveillance and shellfish purification 
studies in Chile (Cordova et al 2002), Italy (Croci et al 2001) and France (Robert 
Pillot et al 2002; Hervio-Heath et al 2002). Comparison between toxR, tlh and 
pR72H  genes and their suitability as a marker for V. parahaemolyticus using PCR 
have been carried out (Croci et al 2006). In this study, toxR produced the most 
accurate results (96% of V. parahaemolyticus were correctly identified) and produced 
no false positives while tlh identified V. parahaemolyticus successfully (100%) but 
produced false positives with some V. alginolyticus strains. Results for the pR72H  
fragment from this study showed that this target was unable to identify all the V. 
parahaemolyticus strains correctly.
As previously described (Section 1.5.3 and 1.8.2), pathogenic strains of V. 
parahaemolyticus express thermostable direct haemolysin (TDH) and thermostable 
related haemolysin (TRH) (Tada et al 1992). Nucleotide sequences of tdh genes from 
various strains of V. parahaemolyticus have been determined (Nishibuchi and Kaper, 
1985; Taniguchi et al, 1986; lida and Yamamoto 1990; Nishibuchi and Kaper, 1990; 
Baba et al \99 \)  indicating sequence homology of approximately 96.7%. Based upon
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these sequence data a number of tdh primer pairs have been designed (Tada et al 
1992; Lee and Pan, 1993; Karanusagar et al 1996). Tada et al, (1992) also established 
a PCR protocol for specific detection of trh genes. Bej et al (1999) developed a 
multiplex PCR assay for both total and pathogenic V. parahaemolyticus based upon 
amplification of the tlh, tdh and trh gene. All 111 iK parahaemolyticus isolates that 
were tested in this study gave yielded tlh amplicons (Bej et al 1999). However, only 
60 isolates yielded the tdh amplicon and only 43 yielded the trh amplicon. The tdh 
and trh genes appear to be present in up to 99% of clinical strains however their 
presence in environmental isolates is rare (0.1-6%) (Nishibuchi and Kaper, 1995; 
FDA, 2001).
1.8.5.2 PCR methods for K vulnificus
V vulnificus possesses a cytotoxin-haemolysin gene {vvh) thought to be common in 
all biotypes of V. vulnificus strains. The w h  gene was first cloned by Wright et al 
(1985), where the authors reported homologous gene sequences in 54 V. vulnificus 
strains and not in 96 isolates from 17 other Vibrio species and 12 other Gram negative 
species. Subsequently, Hill et a l{\99 \)  constructed primers targeting a 519bp portion 
of the ORF of whA  (designated as VVpl and VVp2) that could be used as a marker 
for this species.
1.9 Typing methods
1.9.1 Introduction to typing
A typing method is an identification tool enabling the grouping of isolates using 
definitive phenotypic or genotypic characteristics. In general, typing methods usually 
involve the discrimination of isolates to sub-species level. Historically, classification
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or identification methods for microbial species were based upon the degree of 
similarity in terms of their phenotypic properties. However, with the increasing 
knowledge of bacterial genomes there is considerable debate surrounding the 
definition of a bacterial species. However, a species is the only taxonomic unit with a 
clear and accepted definition and is identified as a group of strains with approximately 
70% or more DNA-DNA relatedness and with 5°C or less difference in thermal 
stability (A Tm) (Wayne et al 1987). It has also been accepted that to define genera 
and species solely on phylogenetic data is impracticable and taxonomy based on 
molecular schemes must be consistent with phenotypic properties (Murray et al 
1990). Thus, an accurate species identification can set the scene for more elaborate 
classification below species level required for specific purposes such as 
epidemiological investigations. As a result, a wide range of typing methods based on 
phenotypic and genotypic properties have been documented. To understand the 
concepts of these typing methods it is important to draw attention to some common 
definitions and terminology that are used in this field and referred to in this thesis.
1.9.2 Definitions
The following definitions have been proposed by numerous authors regarding 
classification of an organism below species level (Tenovar et al 1995; Struelens et al 
1996; Dijkshoom and Towner, 2003). Definitions for the terms ‘outbreak’ and 
‘epidemic’ have also been defined below.
Isolate: A  population of microbial cells in pure culture derived from a single colony 
on an isolation plate and characterised to the species level.
Strain: An isolate or group of isolates exhibiting phenotypic and/or genotypic traits, 
which are distinctive from those of other isolates of the same species.
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Type: A  specific pattern or set of marker scores, displayed by a strain on application 
of a particular typing system.
Genetically related isolate (Clone): A  group of isolates descending from a common 
ancestor as part of a direct chain of replication and transmission from host to host or 
from environment to host. Clones should be indistinguishable from each other by a 
number of phenotypic and/or genotypic methods and can arise from different sources, 
locations and times.
Outbreak: This is a temporal increase in the number of cases in a given population 
and time that is not expected for that time or place. It can often be associated with an 
increased transmission rate for a given pathogen.
Epidemic: Multiple outbreaks caused by the same strain over a prolonged period.
1.9.3 The aim of a typing system
Microbial isolates can be typed for both identification purposes or comparative 
investigations. A good typing system should allow detection of clonal relatedness 
among isolates to enable one to deduce whether they are part of the same chain of 
transmission or to determine whether they are genomically unrelated and arise from 
independent sources of infection. Once a typing method is selected and applied, the 
information generated is valuable in understanding and controlling the spread of 
disease by a pathogen in a community or environment. From an epidemiological 
perspective this information can link together long and short term surveillance 
programmes from local and general environments together with outbreak information. 
As seen in Figure 1.8, these data can then be applied to help control and prevent 
infections and future outbreaks arising.
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Figure 1.8: The usefulness of a single typing method. A single typing method must be able to 
assess data from outbreaks and local (short and/or long term) surveillance projects, which can 
then be used to evaluate data against multiple surveillance projects irrespective of time and 
location. This diagram has been adapted from Struelens, 2006
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1.9.4 Criteria for typing methods
A typing system can be evaluated by its perfomiance (efficacy, level of discrimination 
etc) and convenience (speed, cost, efficiency etc); thus, the choice of a system will 
frequently depend upon the type or purpose of investigation (Maslow et al 1993). 
Maslow et al (1993) proposed the following criteria when evaluating the performance 
of a typing system, which depend on the microbial species and the ecosystem under 
study.
• Discriminatory Power: Between epidemiologically related isolates and 
unrelated isolates (goal: >95%)
• Typeability: Ability to obtain a result for each isolate analysed (goal: 100%)
• Reproducibility: Ability to give the same result each time an isolate is tested 
(goal: 1 0 0 %)
• Stability: Ability to recognise the clonal relatedness of isolates in spite of 
genetic variation occumng during laboratory storage, replication and during
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clonal dissemination in nature in particular over long periods of time or during 
a large epidemic.
• Epidemiological Concordance: Agreement with epidemiological evidence 
about chain of transmission
• Phylogenetic Information: Ability to provide information on evolutionary 
relationships
These criteria should be weighted with convenience criteria such as the parameters of 
the investigation, time, range of species to be tested, rapidity, and financial and 
technical resources available. Many genotypic methods require costly equipment, 
reagents and skills. Furthermore, outbreak investigations may require a rapid 
turnover of results and some typing methods can vary between 24 hours to five days.
1.9.5 Applications of typing methods
Microbial typing methods can be applied to many situations within clinical, veterinary 
and food microbiology (Maslow et al 1993) and have been described in brief below.
• Assist in outbreak information gathering 
Outbreak detection and confirmation 
Determination of the number of true cases in an outbreak 
Identification of epidemic clones
Identification of possible reservoirs, sources and vehicles of transmission of
epidemic clones
Help monitor control measures
• Help solve diagnostic problems e.g. in medicine to determine if a patient suffers
from the same strains in multiple infection
• Assist in taxonomy
• Elucidating the ecology or geographical spread of particular bacterial species
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• Studying population dynamics of particular bacterial species
• Tracing certain known pathogenic features e.g. Salmonella or E. coli serovars
• Studying microbial communities
• In food industry -  tracing pathogens in food products is not only relevant for
public health but can also have legal and financial implications
• Assessment of the microbial diversity of a community in the environment and
the changes exerted by e.g. pollution or climate change
• Useful in eukaryotic studies
Mutation analysis in the study of genetic disorders 
Studies in evolutionary biology
Comparative analysis of genomes for forensic research, human history, 
anthropology
Quality control of plant seeds in agriculture
1.9.6 Phenotypic systems
Traditionally, typing methods considered bacterial species identification based upon a 
display of phenotypic characteristics. Figure 1.9 shows the commonly used 
phenotypical methods available for microbial identification. Those that have been 
applied to V. parahaemolyticus identification are discussed further below.
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Figure 1.9: Commonly used phenotypic methods to type strains. Serotyping, biotyping 
and antibiogram typing are used currently to type V. parahaemolyticus. (Source Sariqa Wagley, 
Cefas.)
/
Coimnoiily Used Typing Systems 
Phenotypic Methods
Biotyping
efi.A P I20E
Bncteiiocin Typing
(Bactericidal 
substances are 
proteins that are 
actne against 
different strains)
\
Seiotypmg
(oldest taping procedure 
uses slide agglutination 
or inununofluoi'escence 
tests)
Pliage Typing
(Sensitivity o f  
isolates to defined 
bacteriophages)
Aiitihiogi’am Typhig
(Antibiotic susceptibilitj' 
or resistance profiles 
e g .  MRSA and multi drug 
resistant TB)
1.9.6.1 Biotyping
Identification of an organism is frequently carried out by analysing the results of a 
series of cultural and biochemical tests, such as colony morphology and carbohydrate 
fermentation. Many biotyping systems have poor discriminatory power and poor 
reproducibility as organisms can randomly alter the expression of many cellular 
products (Tenovar et al 1997). Many commercial kits are now available such as the 
API 20E (BioMerieux Ltd) that can provide a rapid biochemical profile; however, 
these kits can limit the number of biochemical types that can be determined within a 
species and thus additional tests are often needed. For Vibrio species many of the 
biotyping tests can yield very variable results (Section 1.8.1.) but for specific strains 
identification tests can be stable.
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1.9.6.2 Antibiogram testing
Antibiotic susceptibility or resistant profiles can show poor discriminatory power and 
are useful if applied to short-term and local investigations. They are easy to perform 
and can give rapid results but should be used in conjunction with other typing 
methods. For Vibrio species, antibiotic profiles have been discussed in Section 1.8.1. 
and described in Table 1.4
1.9.6.3 Serotyping
Serotyping is one of the oldest typing methods and is currently still applicable to 
many genera. Serotyping of organisms can be a reliable, stable marker. Problems are 
usually only encountered with quality of antisera production, ethical issues 
surrounding antisera production and standardisation of reagents and thus this method 
is usually restricted to reference laboratories. Some temporal variability in results can 
be possible due to lysogenic conversion (Meitert and Meitert, 1978). V. 
parahaemolyticus serotypes can be identified by both somatic O and capsular 
polysaccharide K antigens. The serotyping scheme was first developed by Sakazaki 
et al (1963) and currently contains 12 O antigens and 59 K antigens. Since 1995 a 
number of serotypes have led to a worldwide increase in V. parahaemolyticus 
gastroenteritis cases giving grounds for the pathogen to gain pandemic status. 
Serotypes 03:K6, 04:K68 and 01:KUT have been responsible for large outbreaks in 
recent years across the globe. These serotypes and their effects are discussed later in 
Chapter 4.
1.9.7 Genotypic systems
In many investigations it is necessary to determine the relationships between small 
collections of isolates, for this purpose a wide range of molecular fingerprinting
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methods have been developed over the past two decades. Table 1.5 shows the 
development of genotypic methods over the years and the following section considers 
a selection of these methods that have been used to study the relatedness between V. 
parahaemolyticus strains.
Table 1.5: Development of genotypic methods (taken from Dijkshoom and Towner, (2003))
First Generation Analysis of plasmid content 
Plasmid DNA restriction digests
Second Generation Total chromosomal restriction digests 
Analysis of RFLPs by hybridisation with probes 
- Ribotyping
Third Generation Pulsed field gel electrophoresis (PFGE) 
PCR based amplification methods
- RAPD
- REP-PCR
- AFLP
- PCR-Ribotyping
Fourth Generation Multi locus sequence typing (MLST) 
DNA sequencing
1.9.7.1 Plasmid Typing
Plasmids are extra chromosomal DNA elements that can be identified by simple cell 
lysis followed by agarose gel electrophoresis of lysates. Plasmids are frequent and 
diverse in vibrios and can be used to type strains on the basis of their number and size. 
Plasmid typing was used by Skov et al (1995) to characterise V. anguillarum strains 
from infected fish. Here, 8  plasmid profiles were found and one dominant profiles 
was determined when compared to ribotyping. This method has shown to be less 
discriminatory than other typing methods such as RFLP and PFGE (Skov et al 1995). 
Plasmid profiling is important and useful for drug resistant clones and hospital- 
acquired infections.
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1.9.7.2 Restriction fragment length polymorphism (RFLP)
Restriction digests of plasmids and chromosomes followed by standard 
electrophoresis on agarose gels have increased the utility of profiling techniques and 
can lead to the separation of many hundreds of DNA fragments. Selecting restriction 
enzymes that generate appropriate size fragments, adapting electrophoresis conditions 
and using different labelling systems such as polyacrylamide gel electrophoresis 
(PAGE) or silver staining can improve RFLP techniques further. These methods can 
be rapid, and under standardised conditions be reproducible and discriminatory, 
however, are mostly limited to comparative typing purposes (Owen, 1989; Streulens 
et al 1996).
1.9.7.3 Pulsed Field Gel Electrophoresis (PFGE)
This method analyses the entire genomic DNA by cutting the chromosome using a 
low frequency restriction enzyme into less than 30 fragments that can be separated 
using PFGE. Using this technique, DNA molecules of up to 50-12Mb in size can be 
separated (Towner and Cockayne, 1993). Methods can take up to 2-4 days to 
compare and can provide data that is reproducible with high levels of discrimination. 
PFGE has emerged as the ‘gold standard’ in typing methodology (Tenover et al 1995; 
Maslow and Muligan 1996; Streulens, 1998) and is useful for comparative data 
analysis of bacterial strains. It has been adopted for many important bacterial species 
including Mycobacterium tuberculosis (Singh et al 1999), Campylobacter jejuni 
(Hanninen et al 1998) and V. cholerae (Cameron et al 1994). This technique is 
discussed in more detail in Chapters 3 and 4.
43
1.9.7.4 PCR fingerprinting
Arbitrarily primed PCR (AP-PCR), randomly amplified polymorphic DNA (RAPD), 
and inter-repeat element PCR (rep-PCR) are all typing techniques that utilise PCR to 
amplify specific genes or short intergenic spacer sequences lying between repeat 
motifs in microbial genomes (Streulens et al 1998). These methods have all been 
applied to Vibrio species and have shown good discriminating power and 
reproducible results using standardised protocols (Towner and Grundmann, 2003). A 
lOmer primer set was used to generate DNA profiles of V. parahaemolyticus isolated 
from Taiwanese patients (Wong et al 1999). A total of 41 RAPD profiles was found 
and grouped into 16 types. The generation of numerous complex profiles, in 
particular of strains from various locations, requires computer-assisted technology for 
comparison.
1.9.7.5 Multi locus sequence typing (MLST)
More recently sequenced based characterisation such as multi locus sequence based 
typing (MLST) has been described as the fourth generation of typing tools that 
considers direct comparisons of chromosome sequences at a fundamental level 
(Maiden et al 1998; Dijkshoom and Towner, 2003). MLST is a nucleotide sequence 
based typing method that can help characterise strains and reveal polymorphisms that 
have slowly accumulated over time in selected genes that are considered to be stable 
over time. Here, 450-500bp internal fragments of several housekeeping genes are 
amplified, sequenced and designated allelic profiles. Allelic profiles can than be 
compared for each strain using central databases. MLST is useful for providing 
solutions to long-term evolutionary or global epidemiological questions. Sequence 
based typing is reproducible, portable (sequence data can be distributed between
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laboratories via the internet) and can produce data that is biologically useful over 
time. This technique and its usefulness have been addressed further in Chapter 6 .
1.10 Aims and Objectives
The clinical significance of V. parahaemolyticus in Europe is currently vague and 
inconclusive. It has been suggested that the number of cases in the community is 
grossly under reported and the true estimation of gastroenteritis caused by V. 
parahaemolyticus is unknown (Anon, 2001). In the environment, the organism is 
prevalent in shellfish derived from the UK and other regions of Europe (Van den 
Broek et al 1979, Hervio-Heath et al 2002, Lozano-Leon, 2003, Bauer et al 2006, 
Kronkvist et al 2007 and Wagley et al 2008). However, there is a lack of 
standardised methods for detection, enumeration and characterisation. Furthermore, 
Vibrio species are the leading cause of retention and rejection of seafood batches at 
border controls vdthout uncontroversial demonstrable association with the risk. The 
effect of this on trade can be substantial and in many cases may be unwarranted. Both 
the trade losses and risk to the public may be heightened with the expansion of the 
EU. Furthermore, the recent advent of longer and warmer summers across the 
European community may enhance the prevalence of potentially pathogenic Vibrio 
species and increase consumer exposure. Thus, it is important to develop the tools to 
identify unambiguously potentially pathogenic V. parahaemolyticus in seafoods and 
to enable a practical assessment of the risk to the consumer. The integration and 
harmonisation of well-evaluated methods, such as the standardised PFGE protocols, 
will advance the knowledge base within the community and provide important 
information to inform friture decisions on controls within the EU. The outcomes of 
this project will reduce the potential human health hazards presented by the ingestion
45
of V. parahaemolyticus and thus promote consumer confidence and economic trade of 
seafood markets.
Objectives
• A Vibrio Reference Strain Bank that will contain over 100 temporally and 
geographically diverse isolates will be created. This strain bank will comprise 
representative isolates of pathogenic and non-pathogenic Vibrio species and 
non-vibrios from a variety of environmental and clinical sources. Isolates for 
deposition in the strain bank will be fully characterised using an extensive 
suite of biochemical, phenotypical and molecular procedures. Comparative 
performance of these approaches will enable the selection of a core set of 
appropriate and informative methods for incorporation into detection, 
identification and characterisation protocols.
• A PFGE protocol, appropriate for characterisation of Vibrio species will be 
developed, optimised and validated using strains deposited in the bank.
• This protocol will be used to investigate clonal relationships between isolates 
from the UK and other seafoods and strains of known clinical significance.
• MLST will be used to consider sequence diversity among V. 
parahaemolyticus.
• A study will be carried out to use methods currently employed to consider 
enumeration and detection of V. parahaemolyticus in shellfish samples.
• PFGE -will be used to characterise these strains to determine its usefulness as a 
characterisation method for isolates from the same source over time.
• MLST will be used to characterise these strains further to elucidate their 
evolutionary relationships and sequence diversity.
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2.0 General Material and Methods
2.1 K parahaemolyticus isolation and identification
Shellfish samples were tested for V. parahaemolyticus by taking a sub-sample of 25g 
from 6-10 individual shellfish. The 25g portion of flesh was stomached for 3 minutes 
at 230rpm. To this stomached sample, 75ml of alkaline salt peptone water (Appendix 
I) was added and further stomached for 3 minutes. The stomached sample was then 
placed in a beaker and a further 150ml of ASPW was added. The sample was then 
incubated at 41°C for 6 -8 h. For fi*ozen samples, a 18h second enrichment step was 
carried out in ASPW. After incubation, a 5pi loopful was taken from just beneath the 
ASPW surface and spread onto TCBS (Oxoid Ltd) and TSAT (Appendix I) agar 
plates to obtain single colonies. TCBS and TSAT plates were incubated at 37°C for 
18-22h. After incubation the plates were examined for characteristic colonies. 
Isolates were identified as presumptive V. parahaemolyticus if they grew on TCBS as 
green colonies and as dark red colonies on TSAT agar. Presumptive V. 
parahaemolyticus isolates were subcultured on to Marine Agar (BD UK) at 30°C for 
24h. Isolates were further identified by application of a number of biochemical tests 
which have been listed below. The formulations for agars and reagents used in this 
section are listed in Appendix I.
2.1.1 Oxidase and g- galactosidase reactions
Oxidase activity was determined using commercially available Oxidase Identification 
Sticks (Oxoid Ltd). Oxidase identification sticks are impregnated with a solution of 
N, N-dimethyl-phenylenediamine oxalate, ascorbic acid and a-napthol and were used 
according to manufacturer’s guidelines to test for the presence of the enzyme 
cytochrome oxidase. For the detection of beta-galactosidase activity, commercially 
available ONPG (0-nitrophenyl-P-D-galacto-pyranoside) discs (Oxoid Ltd) were
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used. A suspension of the test isolates was made in 200pl of phosphate buffered 
saline (PBS) in a 2ml Eppendorf tube. To this suspension, a single ONPG disc was 
added and incubated at 37°C for up 24h. A positive result (i.e. where lactose is 
utilised by the enzyme beta-galactosidase) is indicated by a yellow coloration, while a 
negative reaction is indicated by no colour change. K parahaemolyticus is oxidase 
positive and ONPG negative. Typical reactions of other Vibrio species have been 
specified previously in Table 1.4.
2.1.2 Arginine dihydrolase and urease reactions
Arginine dihydrolase converts arginine to citrulline and citrulline to ornithine. To test 
for the enzyme arginine dihydrolase, a 5 pi loopful of the test isolate was inoculated 
into Thomley’s medium (Appendix I) and incubated at 30°C for 24h to 5 days. 
Overlaying the surface of the Thomley’s medium with sterile mineral oil was used to 
help overcome the problem of differentiation of weak positive from negative 
reactions. A positive reaction was identified by deep red to pink colouration of the 
agar while a negative reaction was demonstrated by an absence of colour change in 
the medium or a yellow colour. V. parahaemolyticus is negative for the enzyme 
arginine dihydrolase. The urease enzyme has been shown to be only present in some 
strains of V. parahaemolyticus and therefore the reactions for isolates can be varied. 
The test isolate was inoculated into 3ml urea agar (Oxoid Ltd) and incubated at 37°C 
for 24h. A positive reaction is denoted by the agar turning bright pink while no 
colour change denotes a negative reaction.
2.1.3 Growth in 0,3, 6, 8 and 10% NaCl water
The test isolates were inoculated in the specified salt concentration in water and 
incubated at 30°C for 24h, after which a positive reaction was denoted by turbidity 
and a negative reaction was denoted by a lack of bacterial growth. Gro'wth in 0%
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NaCl peptone water (Appendix I) enables the differentiation of K cholerae and V. 
mimicus from other Vibrio species. All V. parahaemolyticus isolates will produce 
growth in salt ranges between 3 and 6 % (above this level growth can vary) and only 
V. alginolyticus can grow at 10% salt concentrations.
2.1.4 Growth at 30°C and 42°C
The test isolates were inoculated in 10ml of nutrient broth (Oxoid Ltd) and incubated 
at the relevant temperatures for 24h. A positive result was denoted by grov4h or 
turbidity in the depth of the tube, which could be compared to control organisms 
(Appendix II). No growth illustrated by a lack of turbidity indicated a negative result. 
V. parahaemolyticus is able to grow at 30°C and 42°C while only V. furnissii is 
unable to grow at 42°C.
2.1.5 Voges Proskauer Reaction
The test isolates were inoculated in 10ml of VP medium and incubated for 24h at 
37°C. After the incubation period, 1ml of the suspension was placed into a fresh 
universal. To this 200pl of 40% potassium hydroxide (KOH) and 600pl of 5% a- 
napthol solution was added and left for 15 minutes at room temperature. A positive 
reaction was denoted by a red colouration while no colour change indicated a negative 
reaction. A positive Voges-Proskauer reaction indicates an organism’s ability to 
ferment pyruvate/glucose to acetoin. V. parahaemolyticus is negative for the VP 
reaction while V. cholerae is positive.
2.1.6 Sensitivity to Vibrio static compound 0129
The sensitivity to Vibrio static agent 0129 (2,4-diamino-6,7-di-iso-propylpteridine) 
(Oxoid Ltd) can be used to distinguish between Vibrio species. The test isolate was 
suspended in 3ml of l%(w/v) NaCl solution and using a standard swab was 
inoculated onto TSA (Tryptone Soya Agar - Appendix I). One disc of lOpg and
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ISOpg were evenly distributed onto the plate and incubated at 30°C for 24h. K 
cholerae and V. parahaemolyticus were inoculated onto separate plates for control 
purposes under identical conditions. After incubation, zones of inhibition surrounding 
the test isolate were compared to those around the controls for each of the 
concentrations of 0129 agent. Resistance to the compound is denoted by growth of 
the organism up to the edge of the disc while a zone of clearing indicated sensitivity 
to the constituent in the disc. V. parahaemolyticus is resistant to lOpg and sensitive to 
150pg while V. cholerae is sensitive to both lOpg and 150pg. Table 1.4 contains 
expected results for different Vibrio species, but negative results should be treated 
with caution as strains of V. cholerae resistant to 0129 have been reported recently 
(Dromigny et al 2002).
2.1.7 Nitrate reduction to nitrite
The test isolate was inoculated into 5ml of Nitrate broth (Appendix I) to determine its 
ability to reduce nitrate (NO3) to nitrite (NO2) using the enzyme nitrate reductase and 
incubated at 30°C for 24h. After incubation, 250pl of 1-naphthylamine solution 
(Fluka Ltd) was added followed by 250pl of sulfanilic acid solution (Fluka Ltd). A 
positive nitrate reduction was recorded if the medium turned red, while no colour 
change denoted that nitrite was absent (negative) or had been reduced further to 
ammonia (NH3) or Nitrogen gas (N2). The latter reactions could be differentiated by 
no colour change (negative reaction) upon the addition of zinc granules. If the 
medium turned red the zinc had reduced nitrate to nitrite and the reaction was 
recorded as a negative. All V. parahaemolyticus strains are able to reduce nitrate to 
nitrite while V. metschnikovii is unable to reduce nitrate.
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2.1.8 Indole test
The indole test determines whether the test isolate could degrade the amino acid 
tryptophan to indole by producing the enzyme tryptophanase. The test isolate was 
inoculated in tryptone water (Appendix I) and incubated at 37°C for 48h. After 
incubation 1ml of Kovac’s reagent (p-dimethylaminobenzaldehyde - Fluka Ltd) was 
added and a bright pink ring/layer on the surface of the tube indicated the presence of 
indole (positive result). V. parahaemolyticus isolates were negative for indole 
production while V. cholerae produced a positive reaction.
2.1.9 Carbohydrate fermentation tests
Many microorganisms can form organic compounds by metabolising certain 
carbohydrates and this property can help in the identification of bacteria. The sugars 
tested here were D-glucose (acid and gas), cellobiose and L-arabinose. The test 
isolate was inoculated into 10ml of relative broth containing the sugar (Appendix I) 
'  and incubated at 37°C for 24h. The D-glucose broth also contained a Durham tube to 
check for gas production. Positive reactions in these media were denoted by the 
appear ance of a pink colouration throughout the media. No colour change indicated 
a negative reaction.
2.1.10 Triple sugar iron agar (TSIA)
The TSIA agar (Oxoid) demonstrates an organisms’ ability to ferment lactose, 
glucose, sucrose and its ability to produce hydrogen sulphide. The agar contains 1% 
of both lactose and sucrose but only 0.1% of glucose (dextrose). The test isolate was 
stabbed and streaked on the surface of a TSIA slant and incubated at 37°C for 24h. If 
glucose was fermented then only the butt of the agar turned yellow however if  sucrose 
or lactose was fermented then both the butt and slant turned yellow. The reactions of 
the sugars on TSIA were reported as acid butt or/and slant (yellow) or alkaline (red or
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no colour change). Gas production was recorded by bubble formation down the side 
of the slant. H2S production was recorded if there was a black precipitate caused by 
the production of ferric sulphide in the medium. Vibrio species produce an acidic 
(yellow) butt and do not produce gas or H2S. V. parahaemolyticus and V. vulnificus 
can produce an alkaline slant (red).
2.1.11 API20E
API20E commercial galleries were used to test V. parahaemolyticus isolates 
according to manufacture’s instructions (BioMeriuex).
2.2 DNA extraction using DNAzol
DNA was extracted from all isolates using the following methods. A bacterial 
suspension comprising 4-6 colonies of the isolate under test was made in lOOpl of 
molecular grade water in a 1.5ml Eppendorf tube. One ml of DNAzol (Invitrogen) 
was added and the tube was inverted 5 times and left to stand for 3 minutes. The 
suspension was centrifuged at approximately 10000 x g for 10 minutes. One ml of 
supernatant was transferred into a second 1.5ml Eppendorf, containing 500pl of 
99.9% ethanol. This was again inverted 5 times and left to stand for 3 minutes. The 
suspension was centrifuged at approximately 13000 x g for 30 minutes to precipitate 
the DNA. The supernatant was removed and discarded. The Eppendorf tube was left 
open, to allow excess ethanol to evaporate. The DNA pellet was resuspended in 
250pl of molecular grade water followed by heating at 65°C for 5 minutes. The 
sample was then vortexed for 30 seconds. Extracted DNA was stored at -20°C and 
retained for downstream PCR testing.
2.3 ToxR determination
ToxR targeted PCR was used confirm the identification of V. parahaemolyticus 
strains. ToxR was detected using primers previously described by Kim et al (1999)
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(5’ GTCTTCTGACGCAATCGTTG 3’ and 5’-ATACGAGTGGTTGCTGTCATG- 
3’). All PCR reactions carried out in this project were made with the following 
reaction mixes unless otherwise stated: 0.5pl Red Hot Taq (ABGene) 0.5pl forward 
primer, 0.5pi reverse primer, 0.5pi dntp mix (Promega Ltd, 20mM), 4pl MgCl2 
(ABGene), 5pi buffer (ABGene) and 34pl molecular grade water. Amplifications 
were carried out in a 50pl reaction mix containing 5 pi DNA using the following 
cycles; 96°C for 5 minutes, followed by 20 cycles of 1 minute at 94°C, 1.5 minutes at 
63°C, 1.5 minutes at 72°C, and 7 minutes at 72°C. The toxR primers yielded a 368bp 
amplicon.
2.4 Tlh determination
Tlh targeted PCR was used to identify V. parahaemolyticus strains. Tlh was detected 
using primers previously described by Taniguchi et al (1985). (5’
GCTACTTTCTAGCATTTTCTCTGC 3’ and 5’ AAAGCGGATTATGCAGAAGCA 
CTG 3’). Amplifications were carried out in a 50pl reaction mix containing 5pi DNA 
using the following cycles; 96°C for 5 minutes, followed by 30 cycles of 1 minute at 
94°C, 1.5 minutes at 63°C, 1.5 minutes at 72°C, and 7 minutes at 72°C. The tlh 
primers yielded a 450bp amplicon.
2.5 Tdh and trh ljl determination
Tdh and trhl and 2 were detected using primers previously described by Tada et al 
(1992) {tdh - 5’CCACTACCACTCTCATATGC-3’ and 5’-GGTACTAAATGG 
CTGACATC-3’) (trh -  5’GGCTCAAAATGGTTAAGCG 3’ and 5’CATTTCCGC 
TCTCATATGC 3’). Amplifications were carried out in a 50pl reaction mix 
containing 5pi DNA using the following conditions; 5 minutes at 96°C, 35 cycles of 1 
minute at 94°C, 1 minute at 63°C, 1 minute at 72°C and 7 minutes at 72°C. The tdh 
and trh primers yielded 250bp and 251 bp amplicons respectively.
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2.6 Group specific PCR
A PCR method to specifically detect the toxRS sequence of the new 03:K6 clone was 
determined by methods previously described by Matsumoto et al (2000) (GS primers 
-  5’TAATGAGGTAGAAACA 3’ and 5’ ACGTAACGGGCCTACA 3’). 
Amplification was carried out in a 50pl reaction mix containing 5pi of DNA using the 
following conditions; 5 minutes at 96°C, 25 cycles of 1 minute at 96°C, 2 minute at 
45°C, 3 minutes at 72°C and 7 minutes at 72°C. The GS primers yielded a 651 base 
pair amplicon.
2.7 Vvh PCR
A PCR method to detect cytotoxin-haemolysin gene {vvh) found in all biotypes of V. 
vulnificus strains was determined by methods previously described by Hill et al 
(1991). (w h primers -  VVpl 5’ -  CCGGCGGTACAGGTTGGCGC-3’ AND VVp2 
5’-CGCCACCCACTTTCGGGCC-3). Amplification was carried out in a 50pl 
reaction mix containing 5pi of DNA using the following conditions; 30 cycles of 1 
minute and 45 seconds at 96°C, 2 minutes at 6 6 °C and 2 minutes at 72°C. The vvh 
primers yielded a 519 base pair amplicon.
2.8 Serological analysis
Serological type of all strains was determined by agglutination using commercially 
available V. parahaemolyticus antisera (Denka Seiken Ltd. Tokyo: Japan Product 
200280). Test isolates were grown on TSA agar with 3% NaCl and 0.1% Teepol. For 
K-type determination a bacterial suspension was made in 3% NaCl solution and used 
for K-agglutination. 0-type was determined by making a bacterial suspension in 3% 
NaCl solution supplemented with 5% glycerol. The bacterial suspension was made to 
a concentration of cells with lOmg/ml of colonies and was then heated at 121 °C for 1 
hour, centrifuged for 5 minutes. The supernatant was carefully removed and the
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pellet was used for 0-agglutination. The agglutination reactions were performed on 
glass slides (76 x 26mm), using in the first instance lOpl of polyvalent sera and lOpl 
of test suspension (for K-type) and a loopful of bacteria (0-type). The slide was tilted 
back and forth for 1 minute until agglutination was observed. If a positive reaction 
was observed with the polyvalent sera, the slide agglutination was carried out again 
using the monovalent sera corresponding to that particular polyvalent serum. The O- 
antigen type was determined according to the table of antigens below. If the O 
antigen was not determined in this way then bacteria were tested for all other 
remaining O groups.
Table 2.1: Antigenic scheme for V. parahaemolyticus (Denka Seiken Ltd)
0-Group K antigen
1 1,25,26, 32, 38,41, 56, 58, 64, 69
2 3,28
3 4, 5, 6 , 7,29, 30, 31, 33, 37,43,45,48, 54, 57, 58, 59, 65
4 4, 8 , 9, 10,11, 12, 13, 34,42, 49, 53, 55, 63, 67
5 15, 17,30,47, 60,61,68
6 18,46
7 19, 52
8 20,21, 22, 39, 70
9 23,44
1 0 19, 24, 52, 66,71
11 36, 40, 50,51,61
2.9 Nucleic Acid Hybridisation for tlh, tdh and trh
2.9.1 Sample preparation and colony lifts
Isolates or samples to be tested were grovm on T1N3 agar (Appendix I) at 30°C for 
22-24h. The colony lifts were carried out using Whatman filters (Whatman #541 
filters, 85mm Whatman International Ltd). The filters were labelled using a pencil 
with the sample number and the probe for which to be tested against. The filter was 
then placed labelled side down, onto the surface of the T1N3 plate and the colonies 
were transferred, by pressing a plastic spreader directly onto the filter against the agar.
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The filter was allowed to remain on the plate for up to 30 minutes before it was lifted. 
One ml of lysis solution (0.5M NaOH 1.5M NaCl) was placed on a tray suitable for 
microwave and the filters were placed colony side up over the lysis solution ensuring 
that the lysis solution did not run over the surface of the filter. The filters were placed 
in the microwave and heated for 30 seconds (850 watts) until the filters were dry but 
not brown.
Four ml of ammonium acetate buffer was placed in a washing boat for each of the 
filters to be neutralised. The filters were left shaking in the buffer for 5 minutes at 
room temperature shaking on an orbital shaker (~125rpm). The ammonium acetate 
buffer (2M) was then decanted from the washing container and washed with 10ml of 
1 X SSC solution/filter (Appendix 1), two times for 2 minutes on an orbital shaker.
Ten ml of 1 X SSC supplemented with 20pl of stock Proteinase K (20mg/ml; 
34mAu/mg) per filter was warmed to 42°C in a hybridisation tube. The filters were 
then added one by one until all filters were saturated with the solution. The filters 
were incubated in a hybridisation oven at 42°C for 30 minutes with rotation. After 
incubation, the filters were rinsed 3 times in 1 x SSC (lOml/filter) for 10 minutes at 
room temperature on an orbital shaker (~125rpm).
2.9.2 Hybridisation with tlh/tdh/trh probes
The filters were separated into fresh hybridisation tubes labelled with the appropriate 
hybridisation probe. Ten ml of hybridising buffer (Appendix 1) was added to 1-5 
filters. The filters were kept at 54°C with shaking (~50rpm). After incubation the 
hybridisation buffer was decanted and fresh pre-warmed buffer was added. To this 5
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picomoles of designated probe was mixed into the hybridisation buffer and incubated 
at 54°C for 1 hour with shaking (~50rpm).
2.9.3 Washing the filters
The filters labelled with the tlh probe were rinsed twice with 1 x SSC/SDS (Appendix 
1) (lOml/filter) for 10 minutes at 54°C with shaking. The filters labelled with the 
tdh/trh probes were rinsed twice with 3 x SSC/SDS (lOml/filter) (Appendix 1) for 10 
minutes at 54°C with shaking. Following incubation, all the filters were combined 
into a washing boat and rinsed 5 times for 5 minutes in 1 x SSC (lOml/filter) at room 
temperature on an orbital shaker (~125rpm).
2.9.4 Labelling the probe
Twenty ml of NBT/BCIP solution (Appendix 1) was added to a washing boat and up 
to five filters were added. This was then incubated in the dark at 37°C on a shaker 
(~50rpm). Full development of the colours took 2-3h after which the filters were 
placed in a fresh container and washed with 3 changes of distilled water for 10 
minutes each (lOml/filter). All the filters were placed on to absorbent paper and left 
to dry overnight in the dark. All blue-dark brown colonies were recorded as positive, 
while all colonies that were yellow/grey/light brown were recorded as negative.
2.10 Final Method for PFGE
Note: Development and optimisation of PFGE methodology for F.
parahaemolyticus is included as Chapter 3 of this thesis
For PFGE, bacterial isolates were grown overnight on TSA agar supplemented with 
2% NaCl. Cells were suspended in 2ml of cell suspension buffer (Appendix I) to an 
optical density of 1.3-1.4 at 610nm. Four hundred microlitres of suspension was 
added to 20pl of Proteinase K (20mg/ml; 34mAu/mg) and mixed with 400pl of 1%
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SeaKem Gold (Cambrex, UK). Ten per cent SDS was added to the agarose. The 
solution was then allowed to set in a mold to form agarose plugs. The plugs were 
placed in 5ml of cell lysis buffer (Appendix I) and 25 pi of proteinase K (20mg/ml; 
34mAu/mg), and incubated for 2h at 54°C with vigorous shaking. This was followed 
by 4 washes in 15ml TE buffer (Appendix I), 2 washes for 1 hour at 50°C and two 
further washes for 30 minutes at 50°C. Plugs were treated using restriction 
endonuclease Notl (30U/plug) at 37°C for 6 h or Sfil (50U/plug) at 50°C for 4h. 
Notl/Sfil digested plugs were embedded into a 1% SeaKem agarose by the contour- 
clamped electric field method on a CHEF II Mapper System (Bio-Rad) in 0.5X TBE 
buffer (with 200pm thiourea) for 18h, 6 Volts/cm, switch time: 2-40 seconds and 
pump speed 0.75 L/min. Salmonella Braenderup was used as a molecular weight 
marker, which was processed in the same way, but restricted with A&a/ (50U/plug) for 
6 h at 37°C. The gel was stained in ethidium bromide (0.5pg/ml in 250ml water) for 
25 minutes at room temperature and destained in water (500mls) for minimum of 4h. 
The gel was then visualised under ultraviolet light and analysed using BioNumerics 
software version 4.6 (Applied Maths).
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3.0 RESULTS: PULSED FIELD GEL ELECTROPHORESIS 
DEVELOPMENT
3.1 Introduction
Analysing genetic material of a microorganism can produce an identification system 
without considering phenotypic characteristics. Current methods of genetic typing 
have been outlined in Section 1.9.6 including their applications in epidemiology. This 
chapter considers the development of a pulsed field gel electrophoresis (PFGE) 
method appropriate for routine use for characterisation of V. parahaemolyticus.
PFGE has been used as a means of analysing chromosomal DNA that has been pre­
digested with a restriction endonuclease to yield varying size DNA fragments. Using 
this technique it is possible to separate DNA molecules of up to 50-12Mb (Towner 
and Cockayne, 1993). PFGE has emerged as the ‘gold standard’ in typing 
methodology (Maslow and Muligan 1996, Streulens 1998 and Tenover et al 1995). It 
has been adopted for many important bacterial species including Mycobacterium 
tuberculosis (Singh et al 1999), Campylobacter jejuni (Hanninen et al 1998) and V. 
cholerae (Cameron et al 1994). In the context of this work the availability of a 
standardised PFGE method to analyse V. parahaemolyticus isolates will help further 
elucidate the ecology and spread of V. parahaemolyticus in the environment. 
Comparison of V. parahaemolyticus isolates using this technique will enable the 
identification of clonal relatedness among isolates that are part of the same chain of 
transmission as well as providing the ability to discriminate unrelated isolates.
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3.1.1 Theory
Schwartz and Cantor (1984) first described PFGE as a technique that allowed the 
resolution of large DNA fragments. Since this first description, many variations of 
the method have been described but the general principle remains the same. The 
method involves three main steps; plug production, electrophoresis, and analysis of 
the gel. During plug production the test culture is grown and embedded into an 
agarose block (plug). The cells within the agarose block are then subjected to lysis by 
enzymes such as lysozyme and Proteinase K. These steps strip away cellular debris 
leaving intact bacterial DNA. The plug is then digested using a restriction 
endonuclease, which cuts the DNA generating a number of different size fragments. 
Using conventional gel electrophoresis DNA moves through the gel under a 
unidirectional electrical field and the large size fragments cannot be fully resolved. 
During PFGE, the electric field is changed during electrophoresis and DNA molecules 
are forced to change direction as they pass down the gel. The DNA fragments are 
then able to migrate through the gel at different rates where the larger DNA fragments 
take longer to re-orientate themselves and thus move more slowly through the gel 
than smaller DNA fragments. Thus, the different DNA size fragments can be 
resolved. The resultant fragment patterns can then be visualised under UV light and 
analysed using suitable typing software.
3.1.2 PFGE parameters
During plug production and electrophoresis several factors will affect the resolution 
and separation of DNA molecules; these have been discussed below.
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3.1.2.1 Type of PFGE
A number of variations of PFGE exist, these have been summarised in Table 3.1. The 
most popular pulse field system is the contour-clamped homogeneous electric field 
(CHEF) technique. CHEF changes the direction of the electric field to reorient the 
DNA by changing the polarity of an electrode array. The CHEF system provides a 
voltage through 24 electrodes that are spaced equally around a hexagonal contour. 
This produces a uniform electrical field with an angle of reorientation of 120° 
between pulses. The voltage is proportional to the migration rate and is dependent on 
the size of DNA fragments to be separated. The DNA fragments of up to 7000kb can 
be separated by the CHEF system (available Bio-Rad, Pharmacia and Gibco-BRL).
Table 3.1: Different variations of PFGE including the most commonly used, contour-clamped 
homogeneous electric field (CHEF) method (adapted from Dijkshoorn and Towner, 2003)
Abbreviation Type_____________________________________________________
CHEF Contour-clamped homogeneous electric field (Chu et al 1986)
OF AGE Orthogonal Field alternation gel electrophoresis (Carle and Olson, 1984)
FIGE Field Inversion Gel Electrophoresis (Carle et al 1986)
TAFE Transverse alternating field electrophoresis (Gardiner et al 1986)
RGE Rotating gel electrophoresis (Serwer, 1990, Southern et al 1987)
UPFGE Unidirectional pulse-field gel electrophoresis (Sutherland et al 1987)
PACE______ Programmable autonomously controlled electrodes (Clark gfa/1988)
3.1.2.2 Pulse time
DNA is subjected to 2 alternating electrical fields at different angles for a given time 
period which is known as the pulse times. Pulse time variation can affect the size 
range of separation for fragments of DNA. It is possible to perform CHEF 
electrophoresis using a single (long) pulse time, however this means there is a non­
linear relationship between fragment size and migration distance which results in 
separation of DNA molecules/fragments of similar size with poor resolution. Thus, to 
separate large fragments from each other a longer pulse time may be required. For 
smaller fragments of DNA, shorter pulse times can be used. For example, to resolve
61
the two chromosomes of Saccharomyces cerevisiae (1.6Mb and 2.2Mb) a pulse length 
of 120 seconds is required, pulse length of less than 90 seconds results in a single 
band. If multiple band size fragments are to be separated then a progressive increase 
in pulse time known as pulse time ramping or switch time ramping can be used. For 
example, a switch time of 5 seconds and 40 seconds can allow the separation of DNA 
fragments between 50Kb and 600Kb.
3.1.2.3 Voltage
The voltage can affect the rate of DNA migration during electrophoresis. If a 
constant pulse time is used, an increase in voltage can increase the rate of movement 
for larger molecules but this may decrease band sharpness. Generally a voltage of 
6 v/cm can help separate fragments that are 50Kb to 1.5Mb. However, for fragments 
larger than 1.5Mb, the voltage should be reduced, for example for yeast species where 
fragments are 3Mb, 5Mb, 6 Mb the voltage should not exceed 2V/cm. The practical 
effects of this are that the run times for large DNA fragments are longer (4-5 days).
3.1.2.4 Temperature and Buffer
Both the temperature and the buffer used during electrophoresis can affect the DNA 
velocity and resolution. An increase in temperature of the circulating buffer can 
increase the rate at which DNA migrates through the gel; however this can result in a 
decrease in the resolution of bands. The temperature of the electrophoresis buffer can 
be controlled by the addition of cooling modules that regulate the temperature during 
runs by cooling and re-circulating the buffer to prevent the establishment of 
temperature gradients. A temperature of 12-15 °C is usually recommended and should 
be constant both during and between runs to improve repeatability of banding 
patterns. The buffer used should be low ionic strength such as TAB (Tris-Acetate-
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EDTA) and TBE (Tris-Borate-EDTA) used at 0.25-0.5X concentrations as this will 
prevent over heating. Furthermore, these buffers can help reduce run times by 
increasing DNA mobility through the gel.
3.1.2.5 Agarose
Special PFGE electrophoresis grade agarose is available that has a high physical 
strength and low electro-endosmosis and should be used in electrophoresis to increase 
DNA migration and provide the best resolution. An agarose concentration of 1% is 
normally recommended to separate DNA fragments ranging from 50Kb to 1Mb. 
DNA fragments larger than this need to be separated on lower concentrations of gels. 
Higher concentrations of agarose gels such as 1.2-1.6% can help in band sharpness 
and better resolution but can result in longer running times.
3.1.2.6 Restriction enzymes
The use of a rare cutting restriction enzyme to cleave chromosomal DNA can be 
carried out to generate a limited number of fragments of >50kb. The choice of a 
restriction enzyme is based upon the G+C (guanine and cytosine) content, the codon 
usage in the target genome and the length of the recognition sequence of the 
restriction enzyme. As a rule the following enzymes are useful restriction cutters 
based upon the G+C content of the target DNA:
i) <40% G+C: Smal, SacII, RSRII, EagI, Narl, Nael, Notl
ii) 40-50% G+C: Avril, Nhel, Sfil
in) 50-65% G+C: Xbal, Spel
iv) >65% G+C: Xbal, Spel, Dral, SspI
These enzymes can generate between 5 and 50 chromosomal fragments.
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3.1.3 Analysing DNA fingerprint profiles
3.1.3.1 Visual Analysis
PFGE is a epidemiological typing tool that can provide evidence on whether an 
isolate is part of an outbreak, is genetically related to other isolates collected during 
an outbreak, and thus represent the same strain (Tenover et al 1995). If PFGE is to be 
applied to a small number of isolates such as those collected during an outbreak, then 
simple visual analysis on one gel can be carried out to distinguish profiles from one 
another. If isolates are from a common ancestor or are clonally related then they will 
produce fingerprint profiles that are indistinguishable or closely related. Band 
differences between profiles can equate to genetic differences between isolates and 
can be apparent through PFGE profiling. These changes can occur due to mutations 
such as insertion or deletion of mobile genetic elements and depend upon the number 
of replication cycles undergone over time, and the environment (Struelens et al 2003). 
Interpretation of minor changes between profiles can be analysed by criteria set out by 
Tenovar and co-workers for macrorestriction profiles on a small set of isolates (<30) 
(Tenover et al 1997). These have been described in Table 3 and are based upon a 
single central reference pattern that is defined by its modal frequency among patterns 
exhibited by a set of outbreak strains.
Table 3.2: Criteria for interpretation of PFGE patterns (taken from Tenover et al 1997)
Number of fragments 
vs. the epidemic 
strain
Number of genetic 
differences
Category of genetic 
relatedness
Epidemiological
interpretation
None
2-3
4-6
> 6
0
1
2
3 or more
Indistinguishable 
Closely related
Possible related 
Different
Part of the outbreak 
Probably part of the 
outbreak 
Possible part of the 
outbreak 
Not part of the outbreak
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These criteria can be useful if applied to compare PFGE profiles obtained from small 
outbreaks. If there are no fragment differences then it can be said they are genetically 
related and one can conclude they are part of the outbreak. Over the course of an 
outbreak (weeks or months) there may be up to one genetic event such as prophage 
insertion that could generate up to 2-3 fragment differences in the PFGE pattern but 
that means that the strain is still related and probably part of the outbreak. These 
criteria can only be applied to isolates that are typed using the same method and have 
arisen during the specific time-space period (such as an outbreak). Isolates typed that 
do not belong to the same time-space frame may be analysed using computer software 
that can differentiate between isolates using % change/similarity between banding 
patterns.
3.1.3.2 Computer assisted data analysis
Large quantities of PFGE fingerprint profiles obtained from multiple gels can be 
analysed with the aid of a relational database. Databases that are able to store 
fingerprint profiles from different data sets for a large number of strains can help in 
statistical analysis, comparison and identification functions. These tools can be 
helpful in aiding epidemiological studies over time and assist in multi-centre surveys 
and long term surveillance. BioNumerics software available from Applied Maths 
(Ghent, Belgium) is an example of software available to analyse fingerprint profiles 
obtained by PFGE. Analysing gels using software is split into 4 stages: a) scanning 
the gels b) conversion of the images into analysis software c) normalisation d) band 
finding. The gel pictures can be scanned into the software from TIFF (tagged image 
file format) files. Conversion of the images is carried out by defining lanes on the 
scanned image and then calculating densitometric curves produced by the DNA 
bands. A defined standard reference is run in each gel at intervals of every five wells
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and is used to normalise the individual lanes to remove the effects of any gel 
distortion. The reference is run in all subsequent PFGE gels so that comparisons 
between gel runs can be considered valid. Once normalisation is complete the 
software can be used to search for bands in the wells automatically. The software can 
then calculate the similarities between the fingerprints based upon the bands and 
densitometric curves and produce phylogenetic dendrograms. Using this approach 
PFGE profiles obtained from different experiments can be meaningfully compared. 
Additionally, data can be exchanged and compared with others for example, on the 
Internet. This ability to compare and contrast information generated from different 
experiments and from different laboratories will be useful in the application of a final 
PFGE method to V. parahaemolyticus isolates.
3.1.4 PFGE studies on V. parahaemolyticus
V parahaemolyticus is a major foodbome pathogen in South East Asia and North 
America. In these countries PFGE studies are more commonly carried out to 
characterise strains that are responsible for causing infections and outbreaks. Wong et 
al (1996) carried out PFGE studies considering 130 clinical V. parahaemolyticus from 
outbreaks occurring in Taiwan between 1993-1994. Isolates were digested with Sfil 
restriction endonuclease. This study identified 14 pulse types and showed PFGE to be 
more discriminatory than serotyping as a characterisation method. Chowdhury et al 
(2000) demonstrated the usefulness of PFGE in the identification of V. 
parahaemolyticus 04:K68 and 01:KUT isolates collected over 4 years between 1996 
and 1999. In this study, the authors reported strains as similar to outbreak strains 
caused by the pandemic serotype 03:K6 which originated in India in 1996. 
Furthermore, Chowdhury and co-workers (2000) showed that strains of 03:K6 
isolated previous to 1995 produced markedly differing PFGE profiles to those found
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after 1995. They also showed that outbreaks caused by serotypes 04:K68 and 
OliKUT in India emerged from a single clone of pandemic serotype 03:K6 that had 
emerged after 1995. This evidence published by Chowdhury and co-workers has 
been critical in the epidemiological source tracing of the pandemic 03:K6 serotype. 
Other investigations carried out in Japan by Hara-Kudo and co-workers (2003) 
showed that pandemic serotypes 03:K6, 04:K68 and 01:K25 K parahaemolyticus 
were detected from Japanese seafood and other environmental samples. Using PFGE 
the authors were able to demonstrate that V. parahaemolyticus isolates had 
indistinguishable PFGE profiles from the 03:K6 pandemic strains. Furthermore they 
deduced that 04:K68 and 01:K25 had diverged from a common ancestral clone 
thought to be 03:K6 V. parahaemolyticus.
PFGE is a valuable tool for detecting bacterial isolates that are responsible for an 
outbreak and determining its source. PFGE was used in a nosocomial outbreak 
investigation of V. parahaemolyticus in Taiwan in 1997. Lu et al (2000) published 
findings that showed V. parahaemolyticus isolated from patients were 
phylogenetically similar using PFGE; however, they differed greatly from V. 
parahaemolyticus strains isolated from suspect food sources. It was concluded that 
the high discrimination provided by PFGE showed that the true source of the outbreak 
could not be conclusively identified as the food supplied by the hospital.
While PFGE has been shown to be useful in many outbreak studies and bacterial 
tracking studies, the untypeablity of some strains due to DNA degradation by 
endogenous proteases and DNases has shown been to be a persistent problem. This 
results in smearing on gels and has been reported by several workers (Marshall et al
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1999, Ryang et al 1999, Osawa et al 2002 and Wong et al 2004). Marshall et al 
(1999) reported 23% of V. parahaemolyticus strains to be untypeable despite 
precautions to limit DNA degradation. Other studies have also shown a high ratio of 
untypeable V. parahaemolyticus (Osawa et al 2002) V. vulnificus (Ryang et al 1999 
and Wong et al 2004) and as well as other DNA degradation sensitive species such as 
Clostridium difficile (Corkhill et al 2000). A good typing system should have 
typeability of 1 0 0 % for strains tested.
3.2 Aim
• A PFGE protocol appropriate for characterisation of Vibrio species will be 
developed, optimised and validated using strains deposited in a reference 
strain bank.
Currently neither the clonal relatedness nor public health significance of V. 
parahaemolyticus strains from the UK have been elucidated. Furthermore, PFGE 
investigations to examine the geographical distribution of V. parahaemolyticus in the 
UK and Europe have not been carried out. The development of a PFGE method will 
have great value in epidemiological studies, in the differentiation of pathogenic strains 
and in the monitoring of their spread through the community. Strain typing could 
help in identifying the source of infection, e.g. a particular batch of foodstuffs, and 
hence assist in limiting the further spread of infection. The global trade in seafood and 
current lack of standardised methods frequently makes epidemiological tracing of 
seafood related illness impossible. However, the use of genetic fingerprinting methods 
such as PFGE has been shown to highlight the public health significance of diverse 
bacterial serotypes and phenotypes present in a common source. The ability to 
unambiguously identify potentially pathogenic Vibrio species to the strain level in
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seafoods will facilitate informed and appropriate assessments of the potential risks to 
the consumer.
3.3 Materials and Methods
3.3.1 Collection of strains
During the course of this study a variety of bacterial isolates was collected, these 
comprised clinical, environmental and reference strains. Reference strains of V. 
parahaemolyticus (NCTC 10885, 1902, 11344), V. cholerae (NCTC 8042), V. 
vulnificus (NCTC 11067), V. fiuvialis (NCTC 11327), and V. mimicus (NCTC 11435) 
were obtained from UK Health Protection Agency (Colindale, London, UK). 
Clinical strains of Vibrio species were obtained from various public health institutions 
across the world including Norway, Spain, Japan, Malaysia, Italy and France. 
Environmental isolates of V. parahaemolyticus strains from the UK, Spain, Portugal, 
France and Italy were also included. These strains included both Vibrio and non- 
Vibrio species. All isolates were identified to the species level using a suite of 
biochemical tests and, where possible, molecular based tests. An isolate was 
identified as V. parahaemolyticus if it was negative for sucrose fermentation, arginine 
dihydrolase, L-arabinose, cellobiose, P-galactosidase, exhibited no growth in 0% 
NaCl water and positive for oxidase, acid from D-glucose fermentation, resistant to 
lOpg and sensitive to 150pg of Vibrio static agent 0/129. Isolates were further 
identified using molecular techniques including PCR and/or nucleic acid hybridisation 
and were assigned as V. parahaemolyticus if they were toxR and/or tlh positive. A 
description of the biochemical and molecular methods has been included in the 
“General Methods and Materials” section of this thesis. An access database was 
created to store relevant strain information, to enable easy retrieval of information.
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Isolates were stored in liquid nitrogen to ensure stability over time. When needed 
these isolates were subcultured on to marine agar slopes and stored at room 
temperature in the dark.
3.3.2 Initial Method
3.3.2.1 Plug Production
A suspension of the isolate under test was grown up in 50ml of marine broth at 37°C 
to an Optical Density (OD) of 0.8 -  1.0 at 600nm. Chloramphenicol (180pg/ml) was 
added to the broth to inhibit further rounds of chromosomal replication. Using a 
haemocytometer, the average number of bacterial cells per square was calculated and 
used to determine the actual cell concentration. The desired cell concentration for the 
plugs was calculated using the following calculation:
5x10^ cells desired X ml of plugs to be made = mis of suspension to use 
Actual cell concentration 
The calculated volume of cell suspension required was centrifuged at approximately 
13000 % g for 5 minutes. The supernatant was discarded and the remaining pellet was 
resuspended in 500pl cell suspension buffer, and was placed at 56°C. PFGE certified 
agarose (Bio-Rad) was melted in a microwave and allowed to equilibrate to 56°C in a 
water bath. An equal volume of agarose (i.e. 500pl) was added to the cell suspension 
buffer and mixed gently. One hundred microlitres of this suspension was transferred 
to a disposable plug mould.
The mould was allowed to set at 4°C for 20 minutes. The plugs were then transferred 
into bijoux containing 3ml lysis buffer (Bio-Rad) (maximum of 3 plugs in a bijou). A 
further 1 mg/ml of lysozyme was added and incubated at 37°C for 2.5h with agitation
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(-240 rpm). The plugs were carefully rinsed in molecular grade water. Four ml of 
protease solution (Bio-Rad) (for each ml of agarose made) was added followed by 
lOOpg of Proteinase K per ml (34mAu/mg) and incubated at 50°C overnight with no 
agitation. Following incubation, each plug was removed from the solution and placed 
into a sterile Eppendorf containing 1ml of high concentration Tris-EDTA (TE) 
(lOmM Tris: ImM EDTA) buffer. This was incubated at 37°C for 1 hour with 
agitation (approximately 270 x g). The step was repeated three times, using a low 
concentration of TE buffer (lOmM Tris: O.lmM EDTA) in the final wash. The plugs 
were then stored in a low concentration TE buffer until required. Plugs were restricted 
using the restriction enzyme Not I  (50U/plug) at 3TC  overnight. After overnight 
digestion, the plug was washed in 1ml (low concentration) TE buffer for 1 hour with 
agitation (approximately 30 x g) at room temperature. The plug was equilibrated with 
1ml of X 0.5 TBE (Promega) buffer, and stored at 4°C until electrophoresis.
3.3.2.2 Electrophoresis
Notl digested plugs were embedded into a 1% PFGE agarose (made in 0.5X TBE 
buffer) (Bio-Rad). To seal the wells 1ml of PFGE agarose was used as an overlay. 
The gel was then placed in the tank with 2 litres of 0.5X TBE buffer and 
electrophoresis was carried out by the contour-clamped electric field method on a 
CHEFII Mapper System (Bio-Rad) for 18h, 6 Volts/cm, switch time: 2-40 secs and 
pump speed 70. A standard size standard size 5'. cerevisiae DNA ladder was used as a 
molecular weight marker.
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3.3.2.S Staining and Visualisation
The gel was stained in ethidium bromide wash (O.Spg/ml) for 25 minutes, followed by 
destaining in 2 litres of distilled water for 2-5h. The gel was then visualised under 
ultraviolet light.
3.3.3. Optimisation of PFGE for K parahaemolyticus
The PFGE method can be split into three main areas; plug production, electrophoresis 
and staining and visualisation. The main area of focus to improve and standardise the 
method was plug production. A number of experiments were undertaken to examine 
the effects of modifications to the original plug production protocol. These comprised 
mainly:
1. Cell density determination
2. Modifications to the pre-treatment, lysis and washing steps
3. Evaluations of proprietary agarose used for plug production
4. Modifications to the restriction conditions
5. Selection of DNA size markers
6 . Use of thiourea
3.3.3.1 Experiment 1: Cell density determination
The test isolates were grown on TSA agar (with 2% NaCl) and incubated at 37°C 
overnight. Suspensions of the isolate were made in 3ml of cell suspension buffer 
(lOOmM Tris: lOOmM EDTA) to differing optical densities from 1.0 to 1.8 at a 
wavelength of 610nm on a spectrophotometer. Bacterial cell counts for each of the 
optical densities tested were calculated by serial dilution and direct plating techniques 
on marine agar. A 400pl portion of the cell suspension buffer was then used to mix 
with equal proportions of agarose to make PFGE plugs. The plugs were then
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processed as described above in Section 3.3.2.1. PFGE gels were analysed to 
determine the optimum bacterial cell concentrations required for good band 
resolution.
3.3.3.2 Experiment 2: Modifications to the pre-treatment, lysis and washing steps
A series of modifications was made to the pre-treatment, lysis and washing steps to 
improve resolution and typeability of strains. Twenty microlitres of proteinase K was 
added to the cell suspension mix (20mg/ml) and a further 25 pi to modified lysis 
buffer (50mM Tris: 50mM EDTA, 1% sarcosyl). The following steps were analysed 
to determine the conditions required to generate the greatest resolution for V. 
parahaemolyticus strains in this study.
• The lysis step was carried out for 2h and 4h. Data generated were compared 
to the overnight lysis/proteinase K step in the original protocol.
• The lysis step was also carried out at two different temperatures; 50°C and 
54°C. Data generated were compared to original lysis/proteinase K of 37°C 
for lysis and 50°C for proteinase K digestion.
• The duration and temperature of washing steps were also analysed; 30 mins, 1 
hour, 2h and overnight washes and temperatures of 50°C and 54°C.
• The concentrations of the Tris-EDTA buffer used in washing the plugs were 
analysed. Two concentrations were considered, lOmM Tris ImM EDTA and 
lOOmM Tris, lOmM EDTA.
3.3.3.3.Experiment 3: Modifications to the restriction conditions
The restriction enzyme Notl (3 OU) was used to digest the DNA plugs for various 
times between 5h and 14h. PFGE gels were analysed to determine the optimum time 
for digestion of V. parahaemolyticus strains.
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3.3.3.4.Experiment 4: Evaluation of proprietary agarose used for plug 
production
Experiments were carried out using both standard PFGE agarose (Bio-Rad) and 
SeaKem Gold Agarose (Cambrex, UK) to make plugs. The plugs were then 
electrophoresed and run on 1 % gels using both agarose types.
3.3.3.S Experiment 5 Selection of DNA size markers
DNA plugs using the Salmonella Branderup strain were made in the same way as test 
isolates but restricted WiihXbal (5OU) for 4h at 37°C. The S. Braenderup strain was 
compared to commercially prepared DNA size markers of S. cerevisiae (Bio-Rad) to 
see which ladder gave the best resolution, quality and reproducibility.
3.3.3.6.Experiment 6: Use of Thiourea
The use of varying concentrations of thiourea in the gel and electrophoresis buffer 
was tested to see if this improved the typeability of V. parahaemolyticus isolates. 
Three different concentrations of thiourea were compared, 0, 50 and 200uM. 
Thiourea was dissolved in the 0.5X TBE buffer and used in both the gel and the 
electrophoresis tank.
3.3.4 Optimised method for PFGE of K parahaemolyticus
Bacterial isolates were grown overnight on tryptone soy agar (TSA) supplemented 
with 2% NaCl. Cells were suspended in 2ml of cell suspension buffer (lOOmM Tris: 
lOOmM EDTA, pH 8.0) to an optical density of 1.3-1.4 at 610nm. Four hundred 
microlitres of suspension was added to 20pi of Proteinase K (20mg/ml; 34mAu/mg) 
and mixed with 400pl of 1% SeaKem Gold (Cambrex, UK). Ten per cent SDS was 
added to the agarose. The solution was then allowed to set in a mould to form agarose 
plugs. The plugs were then placed in 5ml of modified lysis buffer (50mM Tris:
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50mM EDTA, pH 8.0,1% sarcosyl) and 25pi of proteinase K (20mg/ml; 34mAu/mg), 
and incubated for 2h at 54°C with vigorous shaking. This was followed by 4 washes 
in 15ml TE buffer (lOmM Tris ImM EDTA, pH 8.0): 2 washes for 1 hour at 50°C and 
two further washes for 30 mins at 50°C. Plugs were treated using restriction 
endonuclease Notl (30U/plug) at 37°C for 6 h or Sfil (50U/plug) at 50°C for 4h. 
Notl/Sfil digested plugs were embedded into a 1% SeaKem agarose and 
electrophoresed on a contour-clamped electric field method on a CHEF II Mapper 
System (Bio-Rad) in 0.5X TBE buffer (with 200pm thiourea) for 18h, 6 Volts/cm, 
switch time: 2-40 secs and pump speed 0.75 L/min. Salmonella Braenderup was used 
as a molecular weight marker, which was processed in the same way, but digested 
with Xbal (50U/plug) for 6 h at 37°C. The gel was stained in ethidium bromide 
(0.5pg/ml) for 25 minutes at room temperature and destained in water for minimum 
of 4h. The gel was then visualised under ultraviolet light and analysed using 
BioNumerics software version 4.6 (Applied Maths)
3.3.5 Use of a second restriction enzyme
A second restriction enzyme was used to assess reproducibility of strains typed. A 
selection of V. parahaemolyticus strains (28) was taken, plugs were produced in the 
same way as described in Section 3.3.8 however they were restricted with 5OU of Sfil 
for 4h at 50°C. The plugs were loaded onto a 1% SeaKem Gold agarose gel as 
described in Section 3.3.8. The gels were analysed using BioNumerics software and 
compared to fingerprints produced by Notl enzymes to check reproducibility and 
phylogenetic concordance.
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3.3.6 Inter-laboratory method comparison
As part of the method standardisation process the final method (described above) was 
provided in the form of a standard operating procedure (SOP) (Appendix III) to two 
laboratories in Europe with PFGE experience and capabilities. Eight isolates were 
selected from the culture collection and were distributed blind to the two laboratories. 
The laboratories used the PFGE SOP to produce PFGE patterns for the distributed 
isolates. Resultant PFGE profiles were returned to this laboratory and analysed 
alongside those generated in house in order to test method reproducibility.
3.4 Results and Discussion
3.4.1 Collection of strains
Table 3.3 gives the number of strains used in the method development phase of this 
study. The use of well-characterised strains was important for the development and 
standardisation of a PFGE method to ensure that results obtained fi*om multiple 
experiments were not due to individual strain variations. In total 53 V. 
parahaemolyticus strains were collected and their biochemical profiles and cross­
checked against expected results. These results have been illustrated in Table 3.4 and 
include further molecular confirmation tests. Individual test results have been 
recorded in Appendix IV. Molecular information for these strains has also been 
documented in Appendix IV. It can be noted that some V. parahaemolyticus strains 
that were tested positive for PCR by either tdh or trh failed to be positive by the 
probing method. This was because PCR DNA extractions were done immediately 
upon receipt of strains and stored at -20°C. The probing method was developed some 
months after the PCR and thus it is thought that the repeated passaging of isolates
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caused the loss of either the tdh/trh genes. Consequently, all strains were deposited 
into liquid nitrogen as soon as possible to reduce gene alteration over time.
Table 3.3: A table to show the collection o f strains gathered for work on developmental 
procedures in this study. These strains were from clinical and environmental sources as well as 
reference strains.
Reference Clinical Environmental
V. parahaemolyticus 5 2 0 28
V cholerae 1 6 6
V. vulnificus 1 3 1
V. alginolyticus 1 1 5
Other Vibrio species 6 0 4
Non-P76no species 1 0 17
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Table 3.4: A table to show the biochemical and molecular profiles of K parahaemolyticus strains 
used in this study. Fifty-three strains o f V. parahaemolyticus, 5 strains of V. vulnificus and 13 
strains o f V. cholerae were tested for biochemical profiling.
V. parahaemolyticus (53) 
% Positive
V. vulnificus(5) 
% Positive
V. cholerae(l 3) 
%  Positive
Oxidase 100 100 100
Sucrose fermentation 4 0 100
Growth in 0% NaCl 2 0 54
Resistant to lOpg 11 100 30
Resistant to 150jdg 100 100 62
Voges-Proskauer 0 0 92
Arginine dihydrolase 0 0 0
Indole 0 40 100
ONPG 0 60 100
D-glucose (gas) 0 0 0
D-glucose (acid) 100 100 100
Nitrate reduction 54 go 54
Cellibiose 4 60 0
L-arabinose 0 0 0
P C R -T o x K 0 0
F Œ - t lh 0 0
3.4.2 Initial Method
The initial PFGE method used to characterise V. parahaemolyticus strains produced 
very poor results for all strains tested. There was substantial smearing of DNA 
making it impossible to interpret the results. When limited resolution was possible 
faint bands were visible indicating DNA presence but the overall quality of the gels 
was poor and inconsistent between gel runs. The method was also time consuming 
taking nearly 5 days to complete. Figure 3.1 shows typical PFGE gels produced using 
this method.
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Figure 3.1: Typical gel picture produced during runs of PFGE using the initial method. A and B 
are two clinical strains digested with N otl and SC is DNA ladder S, cerevisiae. The ladder is very 
weak and not all the bands are visible.
3.4.3 Cell Density Determination
Using cell counting techniques an OD of 1.3 -  1.4 was determined as equivalent to 
approximately lO^cfu/ml for all strains under test. This OD corresponded to optimum 
cell count to yield the correct quantity of bacterial DNA for production of the PFGE 
pattern with the best resolution. The DNA concentration at this cell concentration 
was estimated using a spectrophotometer as within the range 0.01-0.05pg/ml. Figure
3.2 is a PFGE gel illustrating some strains processed using different optical densities. 
Clinical strains of V. parahaemolyticus (such as V05/062) gave clearer band 
resolution at a wide range of ODs while environmental strains (such as VP ECl) 
would produce good resolution bands at certain OD of 1.2-1.4. It is possible to see 
that lanes C, D, I and J (OD-1.2 -  1.4) gave bands with good resolution for both 
clinical and environmental strains. This OD range consistently produced bands with 
good resolution and thus an OD of 1.3-1.4 was chosen in the final protocol.
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A - S .  braenderup ladder 
B -V 05 /062 ; OD 1.0 
C -V 0 5 /0 6 2 ; OD 1.2 
D -V 05 /062 ; OD 1.4 
E -V 0 5 /0 6 2 ; OD 1.6 
F -V 0 5 /0 6 2 : OD 1.8 
G - S .  braenderup ladder 
H - V P  EC l: OD 1.0 
I - V P  EC l: OD 1.2 
J - V P  EC l: OD 1.4 
K - V P  EC l: OD 1.6 
L - V P  EC l: OD 1.8
Figure 3.2: A PFGE pattern for two different Vibrio parahaemolyticus strains at various optical 
densities. Lanes B-F contains clinical strain V05/062 digested with Notl while lanes H-L contain 
environmental strain VP ECl also digested with Notl. OD’s of 1.2 and 1.4 gave the best fingerprints 
across both clinical and environmental strains tested and thus an OD of 1.3-1.4 was chosen in the 
protocol.
3.4.4 Modifications to the pre-treatment, lysis and washing steps
Lysis steps are carried out to break down cellular constituents while the high EDTA in 
the buffers inhibit nuclease activity. Amalgamation of proteinase K digestion with 
the lysis steps increased efficiency and reduced the number and time of pre-treatment 
steps. The lysis time was reduced from 41ir to 2hr. It was established that a minimum 
of two hours for lysis was required with vigorous shaking (200rpm). This enabled 
cell debris and bacterial cell walls to be fully digested by the proteinase K. Extended 
lysis periods (>4h) resulted in little change in overall PFGE patterns.
The washing steps involved treatment of the plugs with TE buffer to inactivate 
proteolytic activity, detergent and excess EDTA. Figure 3.3 shows two gels: In Gel A 
the plugs have been washed at 54°C while the plugs run in Gel B have been washed at 
50°C. Increasing the temperature to 54°C from 50°C produced ambiguous results in 
terms of resolution thus washing temperature was retained at 50°C.
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398.4
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310.1
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104.5
78.2
54.7
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GELA-54®C
SB* A B C SB
Figure 3.3: Comparison of plugs washed at 54°C (Gel A) and 50®C (Gel B) and digested with 
Notl. Although bands look clearer at 54®C this was not consistent for all strains tested. A, B and 
C refer to different strains used in these experiments.
The length of washing steps was also examined. It was demonstrated that the longer 
washes produced better band profiles. Plugs treated with 4 x 1 5  min washes produced 
poor band resolution with high levels of background interference. Plugs with two 
washes of 1 hour and two washes at 30 min produced better results. During some 
runs, a final overnight wash showed initial improvements particularly with strains 
prone to excessive DNA smearing, but this effect was not demonstrably consistent 
between all strains. In the final protocol this final overnight wash was not included as 
it increased the length of the procedure, it was however retained as an option if DNA 
smearing was observed with specific strains.
The concentrations of TE buffer were tested at high [TE] buffer (lOOmM Tris:10mM 
EDTA) and low [TE] buffer (lOmM Tris: ImM EDTA) shown in Figure 3.4. A slight 
improvement using high concentration buffer was noted in some cases; however this 
was not consistent and only observed for a few environmental strains of V.
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parahaemolyticus. More reproducible resolution was achieved with TE buffer 
comprising lOmM Tris, ImM EDTA.
pOiYxv: T n VI EDTA) : 10OrnM m s lO r n ' / i  ED'
1135Kb
138.9
104.5
78.2
Figure 3.4: Comparison of strains subjected to washes at two different TE concentrations and 
digested with Noll. There was no consistent improvement seen when higher concentrations of TE 
buffer were used compared with lower concentrations. (A-F are different strains used for 
comparative analysis that were chosen randomly).
3.4.5 Modifications to the restriction conditions
Plugs were restricted for various lengths of time between 5h and 14h. The restriction 
enzyme step was established at 6 h. It was demonstrated that extended restriction 
periods led to DNA shearing and over digestion resulting in poorly resolved gel 
images such as that seen when using the initial method (where restriction digestion 
took place overnight) (Figure 3.2).
3.4.6 Evaluations of proprietary agarose used for plug production
In the initial PFGE method a standard PFGE agarose was used from Bio-Rad. 
However, it was noted that there was considerable background interference when 
visualising the gels. Many publications of PFGE protocols for other bacteria used 
SeaKem Gold agarose (Cambrex) as an alternative. SeaKem Gold Agarose has a 
lower electro-endosmosis than conventional agarose gels, which can lead to an
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increased electrophoretic mobility of the DNA. Figure 3.5 shows two gels; gel A has 
been made using SeaKem Gold agarose while Gel B has been made using PFGE 
agarose. It was determined that the background interference was reduced considerably 
when SeaKem Gold agarose was used. SeaKem Gold agarose also gave better 
resolution of DNA over standard PFGE agarose. As a consequence, SeaKem Gold 
Agarose was incorporated in the final method.
g 9 1
H |j
H
H
Figure 3.5: Comparisons of proprietary agaroses’. Gel A has been made using the standardised 
PFGE protocol with SeaKem Gold agarose, has a reduced lysis time of 2h and the DNA has been 
restricted for 6h using Notl. Gel B has been made using the original PFGE protocol, using PFGE 
agarose, and the DNA restriction step using N otl has taken place overnight. It is clear that the cun ent 
protocol produces better fingerprints with clear band patterns than the old protocol.
3.4.7 Selection of DNA size markers
To ensure accurate normalisation of migration distances and help correct intra-gel 
distortions during analysis of fingerprint patterns as well as accurately determine 
fragment size; a suitable molecular size marker should be included in the gel at 
regular intervals in wells. S. cerevisiae (Bio-Rad) DNA size ladder was purchased as 
a plug and run in at least three wells of each gel. The DNA quality of commercial 
preparations of the ladder varied and did not give clear band resolution consistently 
between gel runs (see Figure 3.1). A Salmonella serotype Braenderup strain H9812 
was described by Hunter et al (2005) as a universal size standard for use during 
PFGE. DNA plugs using the Salmonella Branderup strain were chosen over the
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commercially available DNA markers such as S. cerevisiae (Bio-Rad) as could be 
used as controls and made alongside isolates to be tested. For standardised protocols 
it was necessary to have internal controls to assess the process of plug preparation and 
restriction digestion. Salmonella Braenderup was considered suitable for use both as 
an internal control and a DNA size ladder, and produced consistent good band 
patterns (see Figure 3.2 and 3.3). Furthermore, estimated band size for this 
Salmonella strain are 20.5 to 1,135 kb, which covered all the expected band sizes for 
V. parahaemolyticus strains typed.
3.4.8 Use of thiourea
Some strains of V. parahaemolyticus were still untypeable using the method. These 
generated smearing of banding patterns and were unreadable particularly the case for 
V. parahaemolyticus strains derived from environmental sources. There are numerous 
reports of PFGE methods resulting in high proportions of untypeable strains, (Section 
3.1.3). Several publications noting the use of thiourea to improve typeability of 
bacterial strains have also been described (Silbert et al 2003 and Takayanagi et al 
2005). The addition of thiourea in the gel buffer was reported to help scavenge 
reactive tris radicals improving the typability of V. vulnificus (Takayanagi et al 2005), 
Pseudomonas aeruginosa (Romling and Tummler, 2000), Clostridium difficile 
(Corkhill et al 2000) and Mycobacterium ahscessus (Zhang et al 2004). Figure 3.4 
shows a comparison of three gels; gel A was run with running buffer containing no 
thiourea, gel B contained 50pM and gel C 200pM. It was noted that DNA 
degradation appeared to result in profiles with smearing. The addition of thiourea at 
low concentrations (50pM) to the running buffer reduced smearing of some 
environmental strains was reduced (gel B). The use of 200pM thiourea improved 
typeability of all V. parahaemolyticus to 100%. It is clear that inclusion of thiourea in
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the running buffer at 2 0 0 pM produced higher resolution and clearer banding patterns 
for all isolates. Baekground gel interference was also reduced when thiourea was 
added to the agarose.
138.9 - :  
104 
78.2
L i  i iX X X n U .
SOuH/IÜÛOUfSS
Figure 3.6: Thiourea comparison from no thiourea in the gel to 200pM concentration added.
The addition of 200pM to the gel and running buffer achieved 100 % typeability among all V. 
parahaemolyticus tested. All plugs have been restricted with Notl.
3.4.9 Final Method
A final method ineorporating all the optimisation experiments was used to analyse V. 
parahaemolyticus isolates ineluding reference, clinical and environmental strains. 
The method was able to successfully type all 53 strains of V. parahaemolyticus in the 
culture collection. The gels were analysed using BioNumerics software version 4.0. 
The Salmonella Braenderup DNA size ladder was used continually through all runs of 
PFGE and showed good consistent results as a DNA size ladder.
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Figure 3.7: PFGE profiles obtained using final method incorporating all changes necessary. 
Fingerprints are clear and well differentiated with no smearing. Restriction of plugs was carried 
out using N otl
3.4.10 Use of second restriction enzyme
All Notl restricted V. parahaemolyticus strains were analysed using the BioNumerics 
software. In addition a selection of twenty-eight V. parahaemolyticus strains were 
restricted with Sfll enzyme and the phylogenetic concordance between isolates 
restricted using the two enzymes was earned out. Figure 3.8 shows a PFGE 
dendrogram created using 15 randomly selected restricted profiles with both Notl and 
Sfil. Following Notl analysis all 03:K6 serotypes clustered together in pulse type 
(PT) A with 100% similarity for all strains. Sfil restriction analysis clustered these 
same isolates together in the same group (PT-A) with equivalent similarity. Using 
both enzymes the enviromnental isolates were shown to be unrelated and are marked 
as different pulse types.
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3.8: PFGE dendrogram ior N otl (top) and ,5/7/(below) restriction profiles. Comparison of 
strains has been carried out using BioNumerics Software (Applied Maths, Belgium). A similar 
clustering of clinical strains (Pulse types (PT) A) can be observed when restricted separately with 
N otl and Sfil.
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3.4.11 Inter-laboratory method comparison
The two laboratories taking part in the inter laboratory comparison successfully used 
the method to produce good quality PFGE fingerprints. Laboratory A was unable to 
give the pictures for further analysis however band patterns were compared visually 
and were similar. Laboratory B sent pictures of the fingerprints of strains that had 
been processed using the BioNumerics software. These fingerprints were compared 
to the fingerprints produced in house and were found to be comparable. Figure 3.9 
shows profile pictures obtained by Laboratory B compared to those produced in 
house. Higher quality fingerprint profiles by Laboratory B were observed with clearer 
band profiles for some smaller fragments size.
Figure 3.9: In house strains compared to those received by Laboratory B
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3.5 Conclusion
A large number of molecular typing methods are available for characterisation of 
infectious agents. To be effective, these methods must provide sufficient 
discrimination of epidemiologically unrelated isolates, produce reproducible results 
with high resolution and be amenable to computer-aided analysis. In this study a 
standardised, controlled protocol for PFGE typing has been established for V. 
parahaemolyticus and used successful to characterise 53 V. parahaemolyticus. The 
method takes up to 3 days to perform and produces visible banding profiles that can 
be analysed using computer aided software or visual analysis. DNA degradation, one 
of the main drawbacks of using PFGE has been known to occur with many bacteria 
including V. parahaemolyticus (Marshall et al 1999). Some studies have used HEPES 
to decrease DNA degradation cause by the Tris radicals during electrophoresis of 
restricted E. coli DNA (Koort et al 2002). DNase activity in Clostridium botulinum 
was inactivated by using a formaldehyde solution (Hielm et al 1998). The use of 
thiourea in order to improve typeability was demonstrated successfully with C. 
difficile (Alonso et al 2005) Mycobacterium abscessus (Zhang et al 2004) and 
Pseudomonas aeruginosa (Romling and Tummler, 2000) and was chosen in this study 
to help reduce DNA degradation. It has been reported that a nucleolytic peracid 
derivative of Tris forms at the anode in the gel tank during electrophoresis and cause 
DNA degradation (Alonso et al 2005). This chemical nucleolysis appears to have 
been prevented in this work by the addition of 200mM thiourea to the running buffer.
One of the major disadvantages of PFGE is that procedures can be time consuming 
and laborious. To reduce the time taken to process Vparahaemolyticus strains in this 
study the lysis and proteinase K digestion steps were combined reducing the time to
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lyse V. parahaemolyticus qqWs from overnight at 37°C to 2h at 54°C. Some micro­
organisms (e.g. C  difficile and Ps. aeruginosa) are reported to have potent 
endonucleases that can potentially degrade extracted DNA inside the agarose plugs 
during longer lysis conditions (Spigaglia et al 2001). The reduction in the proteinase 
K step from overnight to 4h produced better resolved DNA fragments, which may 
have lessened the problems of degradation of DNA by these harmful endonucleases 
present in the V. parahaemolyticus strains.
The data generated by a PFGE typing method over a long period of time and space 
must be able to distinguish related and unrelated isolates of the same species. These 
profiles may be compared to each other by using suitable software and a relational 
database that stores the fingerprint profiles. In this study, it was possible to use 
isolates from a wide variety of times/sources and profiles that could be analysed on 
BioNumerics software. This software was able to successfully discriminate between 
related and unrelated V. parahaemolyticus profile. Strain discrimination was 
illustrated using percentage similarity and those isolated that were unrelated produced 
less than 80-90% similarity, this equated to at least > 6  band differences. Those 
isolates that were deemed identical produced 1 0 0 % similarity using the software and 
visually there were no band differences.
The development of a PFGE method for V. parahaemolyticus will assess the 
significance of these bacteria in U.K. waters and investigate the clonal relationships 
between isolates from the U.K. and isolates of clinical significance, such as the 03:K6 
pandemic strains. The method can further be applied to epidemiological 
investigations of V. parahaemolyticus in the environment to elucidate the
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geographical spread or transmission of the bacterium over time. The clinical 
significance of strains isolated from seafoods can be assessed by comparisons with 
strains of known epidemiological importance.
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4.0 RESULTS: APPLICATION OF DETECTION AND 
CHARACTERISATION METHODS FOR K PARAHAEMOLYTICUS FROM 
CLINICAL AND ENVIRONMENTAL SOURCES
4.1 Introduction
Food poisoning attributed to V. parahaemolyticus is commonly reported in countries 
with both a high ambient water temperature and where seafood is consumed raw. 
Since 1996 there has been a global increase in the number of recorded gastroenteritis 
cases associated with a unique 03:K6 serotype of V. parahaemolyticus. This serovar 
was first seen in Calcutta, India and was characterised as TDH positive and TRH 
negative. It was responsible for 50 to 80% of E parahaemolyticus infections after 
February 1996 in the region (Okuda et al 1997). This newly recognized serovar had 
seven base differences in the toxRS operon. This polymorphism in the toxRS operon 
was exploited to develop a group-specific PGR (GS-PCR), which has been used as a 
molecular marker for the identification of the new 03:K6 serovar of V. 
parahaemolyticus (Matsumoto et al 2000). Strains belonging to this unique serovar 
caused further cases in Japan, Indonesia and other parts of South East Asia. In May 
1998, the largest V. parahaemolyticus outbreak in the USA occurred, where 416 cases 
of gastroenteritis were reported. This outbreak was directly related to the 
consumption of raw oysters from Galveston Bay, Texas (DePaola et al 2000). From 
confirmed cases, all clinical isolates were found to belong to the serotype 03:K6, 
highlighting a major concern for public health authorities. More recently in 1998 and 
2004, the 03:K6 clone, has been reported in two separate outbreaks in Chile, where 
1500 infections were reported in 2004 (Gonzalez-Escalona et al 2005). Again in 
2004, 32 cases of the same serotype were reported in Mozambique (Ansaruzzaman et
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al 2005) illustrating the spread of V. parahaemolyticus 03:K6 into Africa. Table 4.1 
describes some of the outbreaks that have occurred due to the 03:K6 V. 
parahaemolyticus strain.
Table 4.1; Global outbreaks of V. parahaemolyticus 03:K6 describing pandemic status. 
(Nair, 2007, Anon, 2001, DePaola et al 2000, Fuenzalida et al 2007, Ansaruzzaman et al 
2005, Martinez-Urtaza et al 2005)
Country Year Number of Cases Source
Nigata prefecture. 1996 691 Boiled crabs
Japan
France 1997 44 Imported Shrimps
Vladivostok, Russia 1997 27 Unknown
Khanh Hoa, Vietnam 1997-1999 256
Texas, USA 1998 416 Oysters
Taiwan 1999 61.3% of 8 8  outbreaks Seafood
Puerto Montt, Chile 1998 & 2004 1500 Seafood
Mozambique 2004 32 Uncooked seafood
Spain 2004 76 Crabs
Outbreaks have also occurred in, Japan, Russia, Taiwan and the Alaska; consequently 
the new variant 03:K6 serotype has gained pandemic status and raised awareness 
amongst European regulators, scientists and members of the shellfisheries industry. 
As previously stated, in Europe V. parahaemolyticus infections are rare and usually 
sporadic, often travel-related or attributed to inadequate hygiene standards leading to 
the recontamination of cooked foodstuffs. However, recently several outbreaks have 
been reported in Europe associated with indigenously produced seafood. In 2004, 76 
cases of V. parahaemolyticus-ossocmXQà. gastroenteritis were reported in Spain 
associated with consumption of edible crabs {Cancer pagurus) at a restaurant catering 
for 2 weddings. The crabs had been harvested in the Southwest of England. 
Molecular and serological characterisation of isolates collected from patients during 
these outbreaks demonstrated the presence of the clinically significant 03:K6 
pandemic clone. This was the first report of 03:K6 V. parahaemolyticus-roleitQd
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gastroenteritis in Europe associated with seafood indigenous to Europe (Martinez- 
Urtaza et al 2005).
In the UK, the incidence of V. parahaemolyticus associated gastroenteritis is generally 
low and between 2004-2006, 57 cases were reported. The incidence of V. 
parahaemolyticus is thought to be underreported in the UK and recent publications by 
Martinez-Urtaza et al. (2005) also suggest that it may be underreported elsewhere in 
Europe. In the region of Galicia, Spain that supports a large shellfisheries industry, 
84 cases of V. parahaemolyticus infections were reported retrospectively from 
hospital records between 1997 and 2000. This suggests that V. parahaemolyticus 
infections in Spanish hospitals are more common than previously assumed (Martinez- 
Urtaza et al 2005).
However, in 2001, the risk of infection by V. parahaemolyticus in Europe was 
concluded to be low (Anon, 2001). The Scientific Committee on Veterinary 
Measures Relating to Public Health of the European Commission concluded that the 
incidence of V. parahaemolyticus gastroenteritis is rare in Europe. As a consequence 
V. parahaemolyticus was excluded from the European Network for Epidemiologic 
Surveillance and Control of Communicable Diseases and from Microbiologie 
Surveillance System for Infectious Gastroenteritis. Furthermore it was excluded fi-om 
EU food hygiene regulations on the microbiological requirements for testing of 
shellfish harvesting areas and ready to eat seafood products. The prevalence of 
pathogenic V. parahaemolyticus in British waters has not been studied to date and 
reported cases are generally associated with travel to areas where disease is endemic. 
Assessment and characterisation of V. parahaemolyticus from indigenously harvested
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shellfish in the UK will provide preliminary information on the potential risk of V. 
parahaemolyticus associated with consumption of UK seafood and identify areas for 
future work and help to improve shellfish safety. Methods currently available for the 
detection and enumeration of V. parahaemolyticus from shellfish were applied to UK 
shellfish harvesting areas. The clinical and epidemiological significance of isolates 
gathered during surveillance was determined using PCR, hybridisation, serotyping 
and PFGE.
4.2 Methods and Materials
4.2.1 Environmental monitoring
Between 2002 and 2006 a total of 161 bivalve shellfish samples were tested for the 
presence of V. parahaemolyticus. Shellfish were supplied as part of ongoing research 
programmes, and were received confidentially directly from harvesting areas. 
Samples comprised mainly of Pacific oysters {Crassostrea gigas), native oysters 
{Ostrea edulis), common mussels (Mytilus edulis) and various species of crab. Six 
water samples were also included (Table 4.1). Samples were analysed as described in 
Section 2.1 using 25g of stomached shellfish flesh and intravalvular fluid. Four 
clinical isolates received between 2004 and 2005 from patients with clinical 
symptoms of V. parahaemolyticus gastroenteritis donated by the Health Protection 
Agency were also analysed (Table 4.2). A further 10 previously uncharacterised 
clinical V. parahaemolyticus strains from The National Institute for Public Health in 
Norway were also examined to determine their clinical significance. All V. 
parahaemolyticus isolates were identified to the genus and species level using a suite 
of biochemical tests (oxidase, Voges Proskauer, growth in 0% NaCl, urease, arginine 
dihydrolase and API 20E (BioMerieux)). All biochemically confirmed V.
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parahaemolyticus were tested by PCR methods described in Chapter 2, Section 2.2- 
2.7.
PFGE was carried out on all V. parahaemolyticus isolates with Notl using methods 
described in Chapter 2, Section 2.10. A selection of isolates was also typed using Sfil 
for comparative purposes. The gels were analysed using BioNumerics software and 
comparisons of isolates between previously uncharacterised clinical isolates and 
known reference isolates were made. Comparisons between clinical isolates and 
environmental isolates were also carried out to elucidate the significance of both the 
uncharacterised clinical and environmental isolates.
4.2.2 Retail study
During the course of the study a number of retail products were tested for the 
presence of V. parahaemolyticus. These retail samples were end products available 
for purchase from supermarkets, fish markets and other traders. A total of 25 samples 
were tested and they included C. gigas, M. edulis, O. edulis and Penaeus esculentus 
(Tiger prawns).
4.2.3 TRH Probe Development
During the study period a TRH alkaline phosphatase labelled probe was developed for 
total enumeration of potentially toxigenic V. parahaemolyticus from samples using 
nucleic acid hybridisation techniques. This method has been described in Chapter 2, 
Section 2.8. The development of the probe was carried out in collaboration with Food 
Drug and Administration (FDA) laboratory in Dauphin Island (Alabama, USA) and 
Alaskan Department of Environmental and Conservation (Anchorage, Alaska, USA). 
An oligonucleotide sequence specific for the trh gene of V. parahaemolyticus was
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selected by alignment of available sequences. Prospective sequences were subjected 
to a BLAST (Basic Local Alignment Search Tool) search to determine potential 
cross-reactivity. The sequence 5- X ACT TTG CTT TCA GTT TGC TAT TGG CT-3, 
where X is alkaline phosphatase conjugated 5’ amine-C6 , was synthesized by DNA 
Technology (Arhus, Denmark). The probe was tested on 200 bacterial strains 
including K parahaemolyticus, and a selection of non-X parahaemolyticus and non- 
Vihrio species strains obtained from the environment. These isolates were 
simultaneously tested for the trh genes using PCR methods described in Chapter 2, 
Section 2.5.
4.2 Results
4.3.1 Sample testing
The strain ID, year of isolation and source or origin of all isolates characterised in this 
study are shown in Table 4.1. Figure 4.1 shows the total number of samples tested 
between 2001 and 2006, the numbers positive for total V. parahaemolyticus and the 
numbers containing tdh and trh genes. These samples were mainly tested during the 
summer months and largely from the South of England. Approximately 30% of all 
samples tested during the period were positive for V. parahaemolyticus.
Figure 4.2 shows the types of shellfish that were found to be positive for V. 
parahaemolyticus. Samples included C. gigas (Pacific oysters), M  edulis (common 
blue mussels), O. edulis (native oysters), P. maximus (scallops) C. edule, Perna 
canaliculus. Cancer pagurus. Tapes semidecussatus, Eriocheir sinensis and water. 
The tdh gene was identified in 12% of samples; trh was not detected in any of the 
seafood or water (environmental) samples tested from the UK.
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Table 4.2: Strain identification, origin, source and year isolation of V. parahaemolyticus 
strains used in this study
Strain ID Year o f Isolation Source
Environmental Isolates
01/416 2001 C.gigas
01/491B 2001 P.maximus
02/345 2002 C.gigas
02/346 2002 C.gigas
02/SC 1 2002 Maja squinado
02/EC 1 2002 Cancer pagurus
02/350 2002 C.gigas
02/361 2002 C.gigas
BTX 02/939 2002 M. edulis
02/377 2002 C.gigas
02/378 2002 C.gigas
02/331 B 2002 C.gigas
02/349 B 2002 C.gigas
03/402 2003 C.gigas
03/414 2003 M. edulis
03/422 2003 C.gigas
03/437A 2003 C.gigas
03/479 A 2003 M. edulis
03/499 2003 M. edulis
03/crabs 2003 E. sinensis
04/crabs 2004 E. sinensis
VP 05/340 2005 O. edulis
VP 05/312 2005 E. sinensis (Hepatopancreas)
VP 05/313 2005 E. sinensis (Muscle Tissue)
VP 05/368 2005 E. sinensis
VP 05/409 2005 E. sinensis
VP 05/416 2005 C. gigas
VP 05/425 2005 O. edulis
VP 05/427 2005 M. edulis
VP 05/511 2005 E. sinensis
VP 05/609 2005 E. sinensis
VP 06/191 2006 E. sinensis
VP 06/300 2006 E. sinensis
06/402 2006 E. sinensis
06/520 2006 Water sample
06/539 2006 E. sinensis
06/585 2006 E. sinensis
06/586 2006 Water sample
06/609 2006 C. gigas
06/610 2006 Water sample
06/611 2006 E. sinensis
06/639 2006 Water Sample
06/640 2006 E. sinensis
06/731 2006 E. sinensis
06/732 2006 Water sample
06/777 2006 Water sample
06/778 2006 E. sinensis
Clinical Isolates
VP E154482 2000 Travel related from Thailand
VPE155855 2001 Travel related from Vietnam
VPE168143 2002 Travel related from India
VP F3305 2005 Patient had eaten shellfish
V05/009 1997 Wound secrete
V05/010 1999 Human Faeces
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V05/011
V05/012
V05/013
V05/014
V05/015
V05/016
V05/017
V05/018
1999
1999
1999
2001
2002
2002
2002
2002
Human
Human
Human
Human
Human
Human
Human
Human
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
Faeces
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Figure 4.1: Total numbers of samples tested between 2001 and 2006, and the 
proportions of samples positive for V. parahaemolyticus. Also illustrated is the number 
of samples in which strains of V. parahaemolyticus were found to be positive for the tdh 
and trh genes.
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Figure 4.2: Types of shellfish tested positive for V. parahaemolyticus between 2001 and 
2006 and the proportions found positive for tdh.
All isolates were tested using a key set of biochemical tests and were determined as V. 
parahaemolyticus if isolates were positive for oxidase and negative for Voges 
Proskauer, Arginine dihyrolase, Ortho-nitrophenyl- P -D-galactopyranoside, no 
growth in 0% NaCl and no acid from sucrose. Raw data of the isolates has been 
included in the Appendix V including individual tests results.
4.3.2 Clinical Isolates
In total 14 previously uncharacterised clinical isolates of V, parahaemolyticus were 
tested. V. parahaemolyticus strains from the UK were obtained from faecal samples 
of patients, 3 of whom had travelled abroad to Asia while one had consumed shellfish
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in the UK. Another ten isolates were obtained from Norway. The gene detection and 
serotyping results for these strains are given in Table 4.3 along with those for known 
reference strains. All of the 14 uncharacterised clinical V. parahaemolyticus strains 
from the UK and Norway were positive for both toxR and tlh genes using PCR and 
nucleic acid hybridisation methods. Of these strains eight carried the tdh gene but not 
the trh genes (VP E155855, VP E168143, V05/010, V05/012, V05/013, V05/015, 
V05/016 and V05/017), two carried both tdh and trh (F3305, V05/014), and three, trh 
only (El 54822, V05/11 and V05/18). Strain V05/009 did not contain any of the TDH 
and TRH haemolysin encoding genes.
Three of the isolates contained the trh gene in the absence of the tdh gene (El 54822, 
V05/11 and V05/18). Amongst the reference strains only a Japanese isolate VP 6136 
(serotype 03:K6) isolated from shrimp and the National Collection of Industrial and 
Marine Bacterium (NCIMB) strain V05/001 (original designation 1902, originating 
from the first reported case of V. parahaemolyticus gastroenteritis in the UK) shared 
this characteristic. Strain E l54482 was serotyped as 01:K1 sharing the serotype with 
the Baumaim isolates (V05/001). However, PFGE restriction patterns indicated a low 
degree of similarity (<80%) between El 54482 and V05/001. V05/011 and V05/018 
were serotyped as 01:KUT and OlliKUT respectively. They shared over 90% and 
70 % similarity when typed using Notl and Sfil respectively indicating that they were 
distinct from one another. Two isolates one from the UK and the other from Norway 
contained both the tdh and trh genes (V05/014 and F3305). Both isolates gave 
differing PFGE profiles using both Vb//and Sfil and were unrelated to one another.
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Seven of the isolates were positive by GS-PCR that detects the pandemic 03:K6 K 
parahaemolyticus clone (VP E155855, VP E168143 V05/010, V05/012, V05/013, 
V05/015, V05/016 and V05/017) and 5 of which were serologically determined as 
03:K6. Figure 4.3 and 4.4 show Notl and Sfil restriction profiles of the clinical 
isolates tested in this study. Pulse types were allocated letters to similar (>95% or 1 
band difference) or identical fingerprints based on the clustering dendrogram created 
by BioNumerics. Vof/and restriction PFGE analysis showed that all the isolates 
that were typed as 03:K6 were clustered within a distinct clade {Notl pulse type E-F, 
100-95% similarity and pulse type A-B 100-90% similarity). Within this cluster 
all reference 03:K6 strains and bacteria isolated from patients in 2004 during the 
Spanish outbreak were included. Thus 2 of the isolates from the UK and 3 of the 
isolates from Norway produced PFGE profiles that were indistinguishable from the 
03:K6 isolates from Spain, Korea and Laos.
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4.3.3 Environmental isolates
From the 161 samples tested between 2001-2006, a total of 49 (30%) V. 
parahaemolyticus isolates were obtained. These isolates were identified as V. 
parahaemolyticus via a series of biochemical tests and then confirmed using PCR and 
hybridisation techniques. Table 4.4 shows the gene detection results obtained for the 
47 different V. parahaemolyticus isolates. The table includes serotyping results and 
levels of V. parahaemolyticus found in the samples. From the following samples V. 
parahaemolyticus containing the tdh gene was found: - 01/416, 03/402, 03/414, 
03/437, 03/499 and 04/crabs 04. A number of different serotypes were found amongst 
the environmental isolates of V. parahaemolyticus including OliKUT, 01:K33, 
02:KUT, 01:K59 and 01:K51. The levels of V. parahaemolyticus found in the 
samples tested ranged from <10CFU/g to 10  ^CFU/g.
Figure 4.5 shows N otlrestriction profiles obtained for the environmental isolates of V. 
parahaemolyticus. Pulse types were allocated letters (A-Z) to similar (>95% or 1 
band difference) or identical fingerprints based on the clustering dendrogram created 
by BioNumerics. All V. parahaemolyticus isolates produced PFGE profiles 
demonstrating 100% typeability. Seven pulse types were observed that showed 100% 
similarity among strains. These pulse types and their isolates mainly derived from the 
same location (e.g. Pulse type D, E and K were derived from the River Thames). Two 
pulse types (I and X) contained isolates from different locations. However generally a 
high level of heterogeneity was observed with the environmental isolates with less 
than 80% similarity among many isolates.
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Figure 4.6 shows Notl restriction profiles for tdh positive environmental V. 
parahaemolyticus isolates with other known tdh isolates jhom European sources. 
Clustering analysis indicated little similarity among tdh isolates obtained from the 
environment and those that were clinically significant.
4.3.4 Retail Study
A total of 25 samples purchased from retail outlets were obtained and tested for the 
presence of V. parahaemolyticus. Only one sample (05/416) was found positive for 
V. parahaemolyticus, at levels <10cfu/g. The sample tested were oysters (C. gigas) 
and were purchased from a major supermarket. The isolates tested did not contain tdh 
and trh genes. The details of the analysis of this isolate have been included in Section
4.3.3 with other environmental isolates.
4.4 Discussion
4.4.1 V. parahaemolyticus identification
The toxR gene is well conserved throughout the genus Vibrio but exhibits sufficient 
sequence diversity between species to enable it to be used as a target region in 
identification tests for V. parahaemolyticus (Kim et al 1999). The thermolabile 
haemolysin gene {tlh) has also been considered as a species-specific marker for V. 
parahaemolyticus (Taniguchi et al 1985). ToxR detection by PCR and tlh detection 
by nucleic acid hybridisation were used to confirm all the V. parahaemolyticus strains 
in this study. All clinical isolates of V. parahaemolyticus used in this study that gave 
characteristic phenotypic and biochemical profiles were positive for toxR and tlh. 
However, 5 environmental strains that exhibited V. parahaemolyticus phenotypes 
were negative for both toxR and tlh and a further 3 environmental strains gave false
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positives result. Overall the stability and efficacy of toxR and tlh as suitable rapid 
species markers for V. parahaemolyticus strains is still high.
4.4.2 Environmental and retail sampling
Approximately 30% of the 161 samples tested during the period were positive for V. 
parahaemolyticus. The tdh gene was identified in 12% of samples; trh was not 
detected in any of the environmental samples. Detection of the tdh gene at almost 
double the levels reported elsewhere in environmentally derived isolates was 
surprising. Previous studies have estimated its prevalence in the environment at 0.1- 
6 % (Nishibuchi and Kaper, 1995, FDA 2001) however, data presented here were a 
result of non-systematic testing and thus could be heavily susceptible to species, 
spatial and temporal sampling bias. This sampling bias may also be reflected in the 
apparent distribution of both total and toxigenic strains across the types of shellfish 
tested (Figure 4.2). Although V. parahaemolyticus counts peaked during the warmer 
summer months {V. parahaemolyticus could not be detected in the winter months), the 
levels of both total and potentially toxigenic V. parahaemolyticus were generally low 
(mean tdh+YQ <10cfu/g) and did not exceed the estimated infectious dose of lO'^cfu/g 
(FDA, 2001; DePaola et al 2000, Cook et al 2002). Nevertheless, vibrios are known 
to proliferate rapidly at moderate temperatures. Gooch et al (2002) showed that V. 
parahaemolyticus levels increased by 2  orders of magnitude in oysters within 1 0  hours 
of harvest at 26°C. Thus, the presence of pathogenic strains in UK shellfish highlights 
the potential problems of post harvest abuse particularly related to non-reffigerated 
storage. The retail study carried out showed only one sample (4%) with detectable 
levels of V. parahaemolyticus. The sample size was relatively low (25) and more 
samples would be needed for an accurate reflection of the V. parahaemolyticus status 
of these ready to eat seafood products. In a recent study Sagoo et al (2007) tested 407
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and 274 batches of cooked crustacean and molluscan shellfish respectively. The 
authors showed that V. parahaemolyticus was present at or above 10  ^cfu/g in 0.4% of 
samples. Two percent of all samples were found to be unsatisfactory due to presence 
of E. coli, S. aureus or V. parahaemolyticus levels in excess of 10  ^ cfu/g. 
Furthermore 3 (<1%) samples of cockles were unacceptable due to the presence of V. 
parahaemolyticus in excess of 10  ^ CFU/g. However the authors did not attempt to 
determine the pathogenic significance of these isolates by tdh and/or trh screening. 
The work carried out here and elsewhere indicates, that V. parahaemolyticus is 
present in ready to eat seafood products in the UK and demonstrates the need for good 
hygiene practices during processing to prevent further contamination or 
recontamination of seafood products.
The new variant 03:K6 serovar was not detected amongst isolates derived from 
seafood. PFGE analysis revealed a high degree of heterogeneity amongst the strains 
with no association between isolates from similar origins or seafood type (Figure 4.5). 
This concurs with previous studies on V. parahaemolyticus from seafoods where a 
high degree of genetic diversity in isolates fi*om seafood has been identified (Wong et 
al, 2007; Fuenzalida et al, 2007). PFGE analysis of tdh positive environmental 
isolates revealed little relationship between strains identified fi*om UK shellfish and 
tdh strains of known clinical significance (Figure 4.6).
4.4.3 Clinical isolates
In the UK there have only been two reported outbreaks of V. parahaemolyticus, both 
in the 1970s. The first was among airline crew travelling from Bangkok to the UK 
(Peffers et al 1973) and the second among holidaymakers on the south coast of 
England who had eaten prepared crabs caught locally (Hooper et al 1974). The
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clinical significance of V. parahaemolyticus isolated from the sporadic cases in the 
UK, either associated with consumption of indigenously produced shellfish or return 
travel from endemic regions to the UK is not certain, as there is no systematic 
epidemiological investigation nor characterisation of isolates from patients. There is 
little or no patient history, little or no data on sources or vehicles of transmission and 
the presence of TDH/TRH/serotype is rarely determined. Thus, the information on 
clinical cases of V. parahaemolyticus in the UK is very limited. Of the four UK 
clinical isolates examined here, two (E155855 and E168143, originating fi*om patients 
returning from travel to Vietnam and India) and three Norwegian clinical isolates 
(V05/010, V05/012, and V05/013) were tdh positive and trh negative. All isolates 
were serotyped as 03:K6, and were positive by GS-PCR indicating that they were 
part of the pandemic 03:K6 strain. PFGE profiles showed the isolates to be clonally 
similar (>97%) to 03:K6 isolates from the Spanish outbreaks in 2004 (Martinez- 
Urtaza et al 2005) and other Asiatic 03:K6 isolates of V. parahaemolyticus (Figure 
4.3). This is the first identification of the new variant 03:K6 strain associated with a 
clinical case in the UK, albeit related to travel and the first identification of 03:K6 V. 
parahaemolyticus in Norway.
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4.5 Conclusion
In the UK, we have carried out studies to look at the environmental presence of V. 
parahaemolyticus in shellfish. In these studies V. parahaemolyticus was routinely 
found during the summer months (30%), in low levels, from shellfish samples. Of 
these environmental isolates, few have been present at clinically significant numbers 
or clonally related to the clinical isolates of V. parahaemolyticus used in this study. 
However, since V. parahaemolyticus prevalence and levels are closely associated with 
increased temperatures (Anon, 2001, Gjerde and Boe, 1981 Cook et al 2002), the 
rising sea temperatures and longer summer periods recorded in recent years could 
elevate the risk of exposure. Unusual incidences of V. parahaemolyticus outbreaks 
such as those seen in coastal regions of Peru (1994-1996) during its austral winter, 
and in Chile in 1998 and 2004 were linked to higher than normal temperatures of 
seawater. Infections in Peru had a strong association with the oceanic disruption 
caused by El Nino to the South American coasts that led to the progression of V. 
parahaemolyticus infections along the Peruvian Coast during 1996-1998 (Fuenzalida 
et al 2007, Nair et al 2007). Furthermore, in 2004, 62 cases of V. parahaemolyticus 
gastroenteritis were reported on board a cruise ship in Alaska, USA. The passengers 
had all eaten oysters that had been harvested locally in waters above 15°C. V. 
parahaemolyticus had not been found in oysters previously to this in the Alaska state 
and it was concluded that the rise in water temperature had led to the outbreak 
(McLaughlin et al 2005). These outbreaks clearly associated with rising sea 
temperatures highlights a global concern for cases of V. parahaemolyticus rising and 
it is postulated that the number of clinical cases in the UK may also increase if 
seawater temperatures continue to rise. This is supported by a recent report by the 
Department of Health and the HP A that suggest that warmer temperatures would
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favour the multiplication of foodbome microorganisms such as Salmonella and E.coli 
species (Anon, 2008). The report proposes that previous data that stipulated a 1°C 
temperature rise equates to 4.5% increase in food poisoning is in fact a lower estimate 
of the real problem. Recent finding for some pathogens like Salmonella by Kovats et 
al (2004) suggest an estimated effect of a 12.5% increase in cases per 1°C increase in 
temperature. The risk outlined by the Department of Health and HP A state that there 
would be 14,000 more cases of food poisoning each year due to climate change and 
the rise in temperature. This could inevitably include cases of gastroenteritis linked to 
V. parahaemolyticus.
Additionally, in 2007 the number of member states in the European Union enlarged to 
27. This expansion of the EU has already resulted in more trade of seafood products 
across Europe potentially from regions where V. parahaemolyticus is more 
widespread. As stated previously there is no microbiological criterion requiring 
analysis of V. parahaemolyticus in seafood products or shellfish harvesting areas. 
Data generated within the scope of this study could be used to help develop future 
microbiological criteria to analyse V. parahaemolyticus in foodstuffs. Furthermore 
the identification and characterisation tools used in this study will provide a useful 
resource for future epidemiological and surveillance studies.
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5.0 RESULTS: CHINESE MITTEN CRAB STUDY
5.1 Introduction
The Chinese mitten crab {Eriocheir sinensis) is an alien species to UK waters that was 
first discovered in the River Thames in 1935. The crabs originate from the Province 
of Fukien in China, and here, and in other parts of Far East Asia they are consumed 
raw and considered a rare delicacy. It is thought that the crabs were first introduced 
into the UK through ballast ship water, and records of the mitten crabs in the Thames 
estuary have remained relatively constant throughout the 1970s and 1980s. Since the 
1990s the population of the mitten crabs has increased and have since been reported 
as an invading, nuisance species. Mitten crabs are able to migrate vast distances and 
have been reported as far as 1300 km from the sea in the Yangtze Kiang in China. 
This migration has also been reported in populations of crabs in the River Thames. 
The crabs are well established in the River Thames, Teign and Tyne, where they have 
been reported to cause extensive ecological damage as they burrow into riverbanks 
causing collapse, and pose a threat to a number of native species (Rainbow et al 
2003). As a consequence, and in an attempt to control this very successful exotic 
species, several local authorities have considered commercial exploitation through 
harvesting for sale both for domestic and export markets in the Far East.
During 2003-2006, Chinese mitten crabs, sampled at various stations along the 
Thames on an ad hoc basis, were examined for total and potentially pathogenic V. 
parahaemolyticus using conventional and molecular based methods. The levels of V. 
parahaemolyticus were determined using direct enumeration on Tryptone Citrate Bile 
Sucrose (TCBS) agar, a 3x3 most probable number technique (MPN) and direct 
enumeration on a low nutrient salt medium using nucleic acid hybridisation with an
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alkaline phosphatase labelled probe. PCR and nucleic acid hybridisation were used 
to determine the presence of the species markers, toxR (Kim et al 1999) and tlh 
(McCarthy et al 1999) and the pathogenicity markers tdh and trh (Tada et al 1992, 
McCarthy et al 2000, Nordstrom et al. 2006). The pulsed field gel electrophoresis 
(PFGE) method developed in this thesis was used to evaluate the genetic diversity 
among V. parahaemolyticus strains obtained and to assess the relatedness of strains 
with the strains of known human pathogenic significance (e.g. the pandemic 03:K6 
strains). This study investigated the suitability of Chinese mitten crabs as a potential 
commercial fisheries product.
Figure 5.1: Picture of Chinese mitten crab {Eriocheir sinensis), a rare delicacy in Far East Asia.
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5.2 Materials and Methods
5.2.1 Sample Collection And Preparation
Between September 2003 to November 2006, 19 Chinese mitten crab samples and 5 
water samples were obtained from various locations in the River Thames. Figure 5.2 
shows the sampling locations along the River Thames including the Millennium 
Dome, Tilbury Power station, and River Thames/Lee confluent area. Data on sea 
temperature and salinity were collected where available. Sample temperature on 
arrival at the laboratory was also recorded. Samples were analysed as described in 
Section 2.1 using 25g of stomached crab sample (white and brown meat taken from a 
minimum of 6  crabs). All V. parahaemolyticus isolates were identified to the genus 
and species level using a suite of biochemical tests (oxidase, Voges Proskauer, growth 
in 0% NaCl, urease, arginine dihydrolase and API 20E (BioMerieux)). All 
biochemically confirmed V. parahaemolyticus were tested by PCR methods described 
in Chapter 2, Section 2.2-2.S. Serological analysis was carried out on all V. 
parahaemolyticus isolates as described in Chapter 2, Section 2.8. PFGE was carried 
out on all V. parahaemolyticus isolates with Notl using methods previously described 
in Chapter 2, Section 2.9. A selection of isolates were also typed using Sfil for 
comparative purposes.
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Figure 5.2: A map of the six different sampling locations along the River Thames (A-F).
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g) Crown copyright. All rights reserved Defra, Licence number 100018880 [2008kilometers
5.2.2 Enumeration of V. parahaemolyticus
Enumeration of V. parahaemolyticus was carried out by direct enumeration on TCBS, 
3x3 most probable number (MPN) technique and direct enumeration using an alkaline 
phosphatase labelled probe for total and pathogenic V. parahaemolyticus. 
Concordance between the three enumeration methods was assessed using an 
unstacked one-way analysis of variance (Minitab Version 14). Enumeration was 
carried out where lOOpl of pre-enriched 6 h broth was spread on TCBS plates in 
duplicate and incubated for 37°C for 24h. All green colonies were identified using 
probe hybridisation techniques for tlh, tdh and trh using methods described previously 
in Chapter 2, Section 2.9. MPN enumeration was carried on samples were serial 10- 
fold dilutions of pre-emiched homogenate were carried in ASPW in a 3 x 3 MPN 
fonnat. Tubes were incubated at 41°C for 6 h after which a 5 pi loopful was taken
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from the surface of each tube and streaked onto a TCBS plate. Green colonies were 
selected from the lowest dilution series and streaked onto fresh TCBS plates. 
Presumptive V. parahaemolyticus colonies on TCBS plates were identified as 
described above. Finally nucleic acid hybridisation was carried out for each target 
gene; lOOpl of pre-enriched homogenate were spread onto T1N3 plates in duplicate 
and incubated at 30°C for 24h. The method for detection of tlh, tdh and trh using 
nucleic acid hybridisation has been described in Chapter 2, Section 2.9.
5.3 Results and Discussion
5.3.1 Detection of K parahaemolyticus from crab samples
Between September 2003 and November 2006, 19 crab samples and 5 water samples 
were collected from 6  locations on the Thames estuary (Figure 5.2). During this 
period water temperatures ranged from 6.3°C (March 2006) to 23.5°C (July 2006) 
(Figure 5.3). V. parahaemolyticus phenotypes were observed on TCBS in all samples 
irrespective of season or water temperature. All isolates were toxR and tlh positive. 
Table 5.1 shows strain ID, sample origin and gene identification results from PCR and 
hybridisation tests. Also included in the Table are the pulse type (A-L) allocated to 
each of the isolates and the site (A-F) at which the sample was collected. Tdh and trh 
genes were detected in isolates from one crab sample (June 2004) at levels 
<30CFU/g.
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Only one study examining K parahaemolyticus densities in indigenous Chinese {E. 
sinensis) has been described (Yano et al 2006). The authors reported 58% of samples 
collected from wholesale markets were positive for V. parahaemolyticus. In this 
study, V. parahaemolyticus was detected in all samples tested irrespective of season. 
Levels of V. parahaemolyticus were high in comparison to other shellfish harvested 
from regions of the UK (Wagley et al 2008). However, it is acknowledged that in this 
study the sampling points were geographically limited to the tidal stretches of the 
River Thames.
5.3.2 Enumeration of K parahaemolyticus from crab samples
Figure 5.3 shows the V. parahaemolyticus counts yielded by the three different 
enumeration methods between 2005 and 2006. V. parahaemolyticus enumeration data 
collected between September 2003 and October 2004 have not been included in this 
study as non-standardised methods were used, and data were not considered 
equivalent. Analysis of logio transformed data obtained from crab meats indicated no 
significant difference between the methods utilised (p>0.01). A distinct seasonal 
relationship was demonstrated using all quantitative methods. V. parahaemolyticus 
counts ranged between 10  ^CFU/g in August 2006 and lO^CFU/g March 2006, with a 
median level of 5.1x10^ CFU/g. These findings are in contrast to Yano et al (2006) 
where mean concentrations of 6.3x1 O^CFU/g were recorded.
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Figure 5.3: Enumeration counts for V. parahaemolyticus from Chinese mitten crabs using three 
different methods direct plating counts (■), MPN counts (A ), direct plates counts using alkaline 
phosphatase labelled probe (□). The temperature (A) taken at the time of sampling has also been 
recorded.
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The enumeration methods yielded essentially eomparable data. The MPN method 
involved a primary 6 h enrichment step and both MPN estimates and direct 
enumeration on TCBS estimates are dependent upon time consuming and laborious 
confirmation tests. The use of DNA probes enabled rapid detection of total V. 
parahaemolyticus and conferred the additional advantage of simultaneous detection of 
tdh and trh positive colonies. This approach is not only rapid and sensitive but also 
highly specific. The enumeration methods generally resulted in a high degree of 
concordance however on two occasions the MPN assay estimated values of V. 
parahaemolyticus two orders of magnitude lower than either direct plating or 
hybridisation. This is in accordance with previous studies that have shown the MPN
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method to give lo'wer values of V. parahaemolyticus than direct plating on TCBS 
(Karunasagar et al 1986, DePaola et al 1998, Alam et al 2001). Unlike the 
hybridisation, neither MPN nor direct plating procedures enabled rapid estimation of 
proportions of potentially pathogenic, tdh or trh positive isolates, thus for product 
screening hybridisation methods were preferred.
5.3.3 Detection and Enumeration of Water Samples
Analysis of enumeration data from water samples collected between July and 
November 2006 revealed no significant differences in quantification methodology 
(p>0.01). However, detectable V. parahaemolyticus levels in water samples were 
consistently > 5 orders of magnitude lower than paired crab samples (p<0.001) which 
has been illustrated in Figure 5.4. Studies on V. parahaemolyticus densities in the 
USA in oysters and waters have shown 2 fold greater concentrations in oysters than in 
water (DePaola et al 1990). This phenomenon has been attributed to filter feeding 
that may concentrate bacteria and viruses in their digestive glands (Lees, 2000). 
However, crabs do not filter large volumes of water to obtain nutrients, tending to 
scavenge particulate matter from the surrounding water. Vibrio species constitute the 
predominant enteric organism of the blue crab {Callininectes sapidus) (Davis and 
Sizemore, 1982). It is postulated that V. parahaemolyticus may selectively colonise 
the hepatopancreas of the Chinese mitten crab, however the mechanism remains to be 
elucidated.
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Figure 5.4: The median enumeration counts for V. parahaemolyticus from Chinese Mitten crabs 
(Eriocheir sinensis) and water samples taken from the same area.
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5.3.4 Seasonality
Several studies have shown that total V. parahaemolyticus levels are correlated with a 
rise in surface seawater temperatures (Kelly and Stroh, 1988a, DePaola et al 2003). 
Sizemore et al (1975) noted a seasonal trend in numbers of Vibrio species in the Blue 
Crab (C. sapidus) in Chesapeake Bay. The authors reported that V. parahaemolyticus 
was found predominantly during the months of May, June and July similarly, Kaneko 
and Colwell (1973) demonstrated an increased incidence of V. parahaemolyticus in 
the Bay during the wanner summer months. Comparable seasonality was observed in 
this study (Figure 5.3). In previous studies at this laboratory, V. parahaemolyticus has 
not been detected in a range of crustacean and bivalve molluscan species during the 
winter (Wagley et al 2008). Therefore, it was noteworthy that the bacterium was 
found throughout the year in Chinese mitten crabs, albeit at reduced levels when 
seawater temperature fell below 9°C. It is widely reported that V. parahaemolyticus is
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not recovered from estuarine waters during winter months where the water 
temperature is too low for its survival (Nair et al 2007). Kelly and Stroh (1988b) 
were unable to recover V. parahaemolyticus from oysters were temperatures fell 
below 10°C while another study in Chesapeake bay reported that it was only detected 
above 19-20°C (Kaneko and Colwell, 1975).
5.3.5 PFGE Characterisation
PFGE analysis of V. parahaemolyticus isolated from the crabs clustered into 11 
distinct pulse types (Figure 5.5). PFGE profiles for isolates from paired crab and 
water samples were genetically diverse (< 70%). Isolates from water samples were 
also unrelated genetically.
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Comparisons of isolates obtained in this study with V. parahaemolyticus from other 
shellfish speeies harvested in the UK and elsewhere, and known clinically significant 
isolates indicated little similarity (data not shown). It is well documented that PFGE 
profiles for environmental strains of V. parahaemolyticus are heterogeneous 
compared to clinical strains (Wong et al 1999 and Fuenzalida et al, 2007). However, 
only one major clonal complex was found among crab isolates (pulse types A-C) with 
>90% relatedness. This complex included strains from crabs collected from different 
locations and time, indicating considerable geographic and temporal stability. Tdh 
positive isolate VP 04 was genetically indistinguishable by PFGE from other crab 
strains and clustered in pulse type A (Figure 5.5). Eleven different serotypes were 
identified. The most frequently identified serotype was Oll iKUT (43%). Clonally 
indistinguishable isolates within Pulse type A were serologically different.
5.4 Conclusion
The Chinese mitten crab {E. sinensis) is the most popular gastronomic crab species in 
southern China (Yano et al 2006). It is exported fi*om China into Japan and some 
Western countries in large quantities (280,000 metric tons/year; Pawiro, 2004). In the 
UK there is a concern that the large numbers of Chinese mitten crab could consume 
and eradicate vulnerable fi-eshwater species such as native crayfish (Clark et al 1998, 
Owen 2003). The species has already had a heavy financial impact in countries in 
Europe such as Finland, Portugal, France, Denmark, Germany, and Poland (Haahtela, 
1963, Cabral and Costa, 1999, Hoestlandt, 1948, Gollasch, 1999, Normant et al 
2000). In Germany, the invasive species has cost the economy nearly 80 million 
euros since 1912. In Germany a number of methods to control this species include 
commercial exploitation of the crabs for industrial use and direct human consumption 
to markets in Asia. This control measure has also been considered in the UK as a
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possible means of controlling the numbers of Chinese mitten crabs in the River 
Thames. Zoologists at the Natural History Museum in London (UK) have suggested 
that the fisherman could potentially be called upon to target this species and export it 
back to China where it is a culinary delicacy (personal communication: Paul Clark 
Natural History Museum). Anecdotal evidence suggests that these crabs from the 
River Thames are already consumed locally and raw. In this study, high levels of V. 
parahaemolyticus in Chinese mitten crabs collected from several stations on the River 
Thames were found. Genes encoding for the production of the putative pathogenicity 
markers {tdh and trh genes) were identified in one sample. The prevalence and 
distribution of TDH/TRH positive strains as a proportion of total recoveries in the UK 
environment is not known, but the high levels of total V. parahaemolyticus cells found 
in this limited study indicate that sub-populations of clinically significant strains may 
be present purely by stochastic variation. Consumption of Chinese mitten crabs 
harvested from this area without thorough cooking may therefore pose a public health 
risk. Further research into why V. parahaemolyticus might selectively colonise the 
hepatopancreas or gut tissues of the crab by preferential adhesions needs to be 
elucidated.
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6.0 RESULTS: MULTI LOCUS SEQUENCING TYPING
6.1 Introduction
Characterisation of bacterial strains is an important element in understanding the 
epidemiology of infectious disease for two main reasons. Firstly, it allows the 
epidemiologist to characterise isolates associated with local or contemporary 
infections. Here, for example, accurate tools are required to identify strains 
responsible for hospital or community outbreaks, and for recognition of the spread of 
antibiotic resistance in order that control measures to manage infection can be 
applied. Secondly, it may be important to characterise bacterial species to study long 
term or global epidemiology such as the global spread of pathogens in the 
environment and the emergence of new infectious organisms.
In the preceding work, PFGE has been used to identify 5 post-1995 03:K6 V. 
parahaemolyticus strains from the UK and Norway belonging to the emergent 
pandemic clonal complex. Within this clonal complex all isolates shared a PFGE 
profile irrespective of the geographical region of isolation. Furthermore, a number of 
V. parahaemolyticus isolates were obtained from populations of Chinese mitten crabs 
caught in various locations of the River Thames, over the course of 17 months. It was 
shown that nearly half the isolates identified belonged to one clonal complex showing 
more than 95% similarity. This clonal complex contained several serotypes and 
included one strain positive for the pathogenicity markers TDH/TRH. It was 
postulated that all strains with a similar PFGE profile originated from a common 
ancestor.
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In both studies (03:K6 investigations and Chinese mitten crab study) it was 
considered important to determine how these strains related to clinical strains and to 
the pandemic 03:K6 strains. The genotypic characterisation tool multi locus 
sequence typing (MLST), which enables examination of nucleotide sequence 
variation at multiple housekeeping sites (metabolic genes) within a genome, was 
considered suitable for this. MLST indexes the variation among nucleotide gene 
sequence fragments and can indicate genetic variation among metabolic genes that 
have accumulated slowly over time (Maiden et al 1998). The use of multiple genes 
that are physically scattered around the genome increases the discriminatory power of 
the approach.
In general, MLST schemes require sequencing of approximately 450-500bp internal 
fragments of up to seven selected genes. A mutant or changed form of the generated 
gene sequence is referred to as an allele. For each gene, the different sequences are 
assigned allele numbers. For each isolate, the allocated alleles at the 7 loci are defined 
as the allelic profile or sequence type (ST). If these alleles change the amino acid 
sequence, then slightly different forms of the protein will be produced. There are 
different types of mutation that can cause the generation of a distinct allele such as 
replacement and substitution of bases (known as point mutations) or insertions and 
deletions of bases (known as indels). Indels are most likely to occur in non-coding 
regions of DNA. However, in coding regions of the genome, unless the length of the 
indel is 3 bases, they can produce frame shift mutation with serious deleterious 
effects. Point mutation is caused by either replacement or substitution of one base for 
another in the DNA sequence. If point mutations do not change the over lying amino 
acid (this can occur if the mutation is in the 3^  ^position of codons) they are called
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synonymous (or silent) mutations. Those that change the amino acid are called non- 
synonymous (or replacement) mutations. The relative frequencies at which these 
alleles occur can be studied, and where 2  or more alleles of a gene coexist the 
population is said to exhibit a polymorphism. The forces that can vary the 
frequencies at which alleles occur are either mutation or recombination. Mutation can 
affect the allele frequencies when it persistently occurs at a single nucleotide in the 
locus; this is referred to as recurrent mutation. The probability of recurrent mutations 
in stable housekeeping genes is low as it can involve large genetic changes including 
whole genes or large chromosomes. Genetic variation in housekeeping genes will 
occur through the process of recombination. Recombination leads to mutations being 
shuffled among chromosomes so that progeny have different combinations of alleles 
from those of their parents. One example of recombination is gene conversion where 
the DNA sequence of one gene is replaced (or converted) by DNA sequence of 
another. This can occur over DNA sequences stretching a few base pairs to many 
kilobases and can even occur between genes of different species (Page and Holmes, 
1998^
Sequence data produced from MLST can easily be compared to those in a central 
database via the Internet. The isolates can be clustered into discrete clonal complexes 
using the gene sequences generated and visualised by constructing dendrograms. 
Most isolates within a clonal complex or an assigned subgroup will have identical 
nucleotide sequences at each of the 7 loci but a few isolates differ from the typical 
profile at one or two loci. These variant alleles can either be point mutations (single 
nucleotide changes) or recombinational imports (multiple nucleotide changes) (Feil et 
al 2000). Sequence data from MLST schemes can provide information on
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evolutionary relationships between organisms, the process by which variation can 
occur (e.g. mutation, recombination genome rearrangements) and the ‘forces’ that 
determine what will happen to new variants (e.g. selection and genetic drifts). The 
rate of variation at these housekeeping loci is dependent on the accumulation or lack 
of recombination events. Most recombination events occur between genomic regions, 
which have a great deal of sequence similarity - homologous recombination (Page and 
Holmes, 1998). Over long evolutionary periods of time these recombination events 
may lead to many phylogenetic changes in the strains. MLST was considered a good 
tool for capturing these changes and potentially reconstructing evolutionary events 
that may have occurred amongst selected sub-sets of temporally or geographically 
discrete V. parahaemolyticus isolates.
It is hypothesised that the emergence and predominance of 03:K6 serotypes may have 
arisen either because the original genotype increased in frequency in a bacterial 
community because it conferred benefit/advantage to the strain or due to random 
genetic drift. As its dominance increased in the community it is suggested that the 
founding genotype gradually diversified to result in the large clonal complex revealed 
by PFGE in this work. If applied to the descendants of the founding genotype, MLST 
should identify gene profiles that shift over time, demonstrating the emergence of 
variants within one or more of the sequenced loci. These changes can be elucidated 
by MLST schemes. MLST data and subsequent dendrograms can be used in parallel 
with PFGE allowing comparisons of identical or closely related isolates. The number 
of evolutionary changes that occur between two sequences can be used to measure 
sequence dissimilarity and quantify the evolutionary distance between two sequences. 
Distance based methods such as split trees can be used for phylogenetic
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reconstructions and are constructed by pairwise distance estimation between all 
possible pairs of sequences in the dataset followed by tree construction based on the 
distance only. The latter stage does not consider the original sequences. In order to 
measure the error generated by pairwise estimation, bootstrap values can be 
determined to illustrate the confidence of each branch in the tree.
To date MLST schemes for 17 different prokaryotic and eukaryotic microbial 
pathogens and involving over 1 0 0  housekeeping genes have been published and are 
currently shared on the internet (Perez-Losada et al 2006). They include schemes for a 
variety of bacterial species, including N. meningitidis, Strep, pneumoniae, Staph 
aureus, E.coli and H. influenzae. In this study, a MLST scheme was developed and 
used to examine the sequence variation among 11 clinical 03;K6 V. parahaemolyticus 
strains with identical PFGE profiles (Chapter 4) to determine the degree of molecular 
variation. Additionally, 21 K parahaemolyticus strains isolated from Chinese mitten 
crabs (Chapter 5) were analysed to determine their genetic relatedness. Internal gene 
fragments of 4 housekeeping genes that were sufficiently small to be sequenced 
accurately were selected from Chromosome I of the V. parahaemolyticus genome. 
These were mdh, recA, dnaE and gnd and were mapped on a physical map to ensure 
that they were unlinked (Figure 6.1). The genes provide sufficient variation to 
produce allelic profiles. Further description of the genes and the rationale for their 
selection is included below.
6.1.1 RecA
The recA gene codes for a multifunctional protein that contributes to homologous 
recombination, DNA repair, SOS response, binds stretches of single stranded DNA 
and unwinds duplex DNA (Thompson et al 2004). RecA gene sequences have been
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studied in V. cholerae strains (Byun et al 1999, Garg et al 2003, Kotetishvili et al
2003) and as an alternative phylogenetic marker for the family Vibrionaceae 
(Thompson et al 2004).
6.1.2 Mdh
The mdh gene codes for the metabolic enzyme malate dehydrogenase used in the 
Krebs cycle. Here, it catalyses the conversion of malate into oxaloacetate using the 
coenzyme NAD"  ^(nicotinamide adenine dinucleotide). The mdh gene has been used 
in the study of V. cholerae populations (Byun et al 1999), E. coli and Salmonella 
enterica (Boyd et al 1994). In these studies mdh has been shown to provide sufficient 
sequence diversity to be useful in MLST schemes. The authors showed that 
recombination and horizontal gene transfer within the mdh gene did not occur at 
sufficient frequency to obscure phylogenetic relationships.
6.1.3 DnaE and gnd
The dnaE gene codes for the a-subunit of DNA polymerase III needed for DNA 
replication. The gnd gene encodes 6 -phosphogluconate dehydrogenase needed for 
glucose metabolism. Both genes have been considered as useful housekeeping genes 
in a MLST scheme for V. cholerae and V. parahaemolyticus (Chowdhury et al 2004) 
where a variable number of alleles were identified.
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Figure 6.1: V. parah aem olyticu s  chrom osom e I m ap and the locations o f  the genes to be 
used in this study. T he 4 housekeeping genes (gnd, m dh, dnaE  and recA ) w ere chosen  so  
that they w ere evenly spaced around the genom e.
6.2 Materials and Methods
6.2.1 Bacterial strains used
The strains used in this section have been described in detail previously (Chapter 4 
and 5). Eleven clinical strains belonging to the 03:K6 clonal complex and 21 
environmental strains derived from Chinese mitten crabs were included. The origin, 
serotype, gene information and date of isolation of these isolates are listed in Table 
6.1.DNA was extracted from all isolates using DNA extraction methods described in 
Section 2.2 and stored at -20°C until required.
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Table 6.1. V. parahaemolyticus strain information for MLST characterisation.
Strain identification Origin Year of Isolation Serotype
tdh/trhlG^
Primers
VPE155855 Clinical -  UK 2 0 0 1 03:K6 +/-/+
VPE168143 Clinical-UK 2 0 0 2 03:K6 +/-/+
V06/011 Clinical -  Korea 1998 03:K6 +/-/+
VP 6136 Clinical -  Japan - 03:K6 -/+/-
VP 2053 Clinical -  Japan - 03:K6 +/-/+
VP 5421 Clinical -  Japan - 03:K6 +/-/+
V05/067 Clinical -  Spain 2004 03:K6 +/-/+
V05/068 Clinical -  Spain 2004 03:K6 +/-/+
V05/010 Clinical -  Norway 1999 03:K6 +/-/+
V05/012 Clinical -  Norway 1999 03:K6 +/-/+
V05/013 Clinical -  Norway 1999 03:K6 +/-/+
V06/002 Reference 1980 03:K7 +/-/-
03/crabs 1 Environmental 2003 01:KUT -/-/NT
04/crabs 4 Environmental 2004 OliKUT +/+/NT
05/313 Environmental 2005 08:KUT -/-/NT
05/368 Environmental 2005 OlliKUT -/-/NT
05/409 Environmental 2005 08:KUT -/-/NT
05/511 Environmental 2005 011:KUT -/-/NT
06/191 Environmental 2006 04:K49 -/-/NT
06/300 Environmental 2006 04:KUT -/-/NT
06/402 Environmental 2006 OlliKUT -/-/NT
06/539 Environmental 2006 05:K17 -/-/NT
06/585 Environmental 2006 011:KUT -/-/NT
06/586 Environmental 2006 01:K33 -/-/NT
06/610 Environmental 2006 01:K59 -/-/NT
06/611 Environmental 2006 011:KUT -/-/NT
06/639 Environmental 2006 02:KUT -/-/NT
06/640 Environmental 2006 011:KUT -/-/NT
06/731A Environmental 2006 011:KUT -/-/NT
06/73 IF Environmental 2006 02:KUT -/-/NT
06/732 Environmental 2006 OlliKUT -/-/NT
06/778 Environmental 2006 02:KUT -/-/NT
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6.2.2 RecA determination
RecA targeted PCR was performed using primers previously described by Chowdhury 
et al 2004 (5’- GAAACCATTTCGACCGGTTC - 3’ and
5’CCGTTATAGCTGTACCAAGCGCCC - 3’) corresponding to 2693309bp and 
2694352bp region of chromosome I. All PCR amplifications in this chapter were 
carried out in a 50pl reaction mix containing 0.5pl Red Hot Taq (ABGene) 0.5pl 
forward primer, 0.5pl reverse primer, 0.5pl dntp mix (Promega Ltd, 20mM), 4pl 
MgCli (ABGene), 5 pi buffer (ABGene), 34pl molecular grade water and 5pi DNA 
unless otherwise stated. The following cycles; 95°C for 5 minutes, followed by 3 
cycles of 45 seconds at 95°C, 2 minutes at 56°C, 1 minute at 72°C, this was followed 
by 30 cycles of 20 seconds at 95°C, 1 minute at 56°C, 1 minute at 72°C and finally a 
single 7 minutes at 72°C. All PCR was carried out on a thermocycler (MJ Research). 
The recA primers yielded a 739bp amplicon.
6.2.3 Mdh determination
Primers for mdh amplification were designed by comparison of 4 publicly available 
sequences from different Vibrio species. Intra-species regions showing genetic 
conservation (and therefore expected to be consistent between V. parahaemolyticus 
strains) were selected. Where polymorphisms between different species were present 
the sequence of the single V. parahaemolyticus strain available was incorporated into 
the primer. Primer compatibility was checked using Primer express software 
(Applied Biosystems, Version 2.0). The selected sequences were forward 5’- 
CAGATCTTAGCCACATCCCAAC-3’ reverse 5’-
GCTTCAACAACTTCTGTGCCTG-3’ corresponding to the 320744 and 321679bp 
region of chromosome I. Amplifications were carried out in a 50pl reaction mix
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using the following cycles; 96°C for 5 minutes, followed by 30 cycles of 1 minute at 
94°C, 1 minute at 6 6 °C, 1 minute at 72°C, and 7 minutes at 72°C. The mdh primers 
yielded a 516bp amplicon.
6.2.4 DnaE determination
DnaE targeted PCR was detected using primers previously described by Chowdhury 
et al (2004) (5’-CGRATMACCGCTTTCGCCG-3’ and 5’- 
GAKATGTGTGAGCTGTTTGC -3’) corresponding to the 2412463bp and 
2415942bp region of chromosome I. Amplifications were carried out in a 50pl 
reaction mix containing 5 pi DNA using the following cycles; 96°C for 5 minutes, 
followed by 20 cycles of 1 minute at 94°C, 1.5 minutes at 56°C, 1.5 minutes at 72°C, 
and 7 minutes at 72°C. The dnaE primers yielded a 450bp amplicon.
6.2.5 gnd determination
Partially degenerate primers for gnd amplification were designed by comparison of 12 
publicly available sequences from different strains of V. parahaemolyticus and 
identification of conserved regions. Primer compatibility was checked using Primer 
Express software (Applied Biosystems, Version 2.0). The selected sequences were 
(5TTCCAAGGYATTTCTGCRAAAACT-3’
5’CTTRCCGAACAGTTTCTCRGCTTCA -3’) corresponding to the 1818645bp and 
1820093bp region of chromosome I. Amplifications were carried out in a 50pl 
reaction mix containing 5 pi DNA using the following cycles; 96°C for 5 minutes, 
followed by 30 cycles of 1.5 minute at 94°C, 1.5 minutes at 64°C, 1.5 minutes at 
72°C, and 7 minutes at 72°C. The gnd primers yielded a 450bp amplicon.
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6.2.6 Cleaning PCR products
PCR products were resolved on 2% (w/v) agarose gel. The agarose was dissolved in 
IX Tris-Borate-EDTA (TBE) buffer by heating in a (850 watt) microwave for 
approximately 1 minute and 30 seconds. The agarose was cooled to approximately 
50°C before the addition of ethidium bromide (0.5pg/ml). The agarose was then 
allowed to set in a gel mould with a suitable comb. Ten micro litres of PCR product 
was mixed with 3pi of loading dye. This was then loaded into the wells along with 
lOObp DNA ladder (Promega Ltd). The gel was then electrophoresed at 120V for 25 
minutes. If a single correctly sized band was visualised under UV light then PCR 
products were cleaned using either QIAquick® PCR Purification Kit (Oiagen Ltd) or 
Wizard® SV gel and PCR Clean Up System (Promega). The Wizard kit by Promega 
was found to yield better concentrations of DNA than the Qiagen kit and was used for 
the majority of the experimental work. DNA concentrations of purified PCR products 
were obtained using a Nano drop (ND-100) Spectrophotometer (Labtech 
International) and were only used in subsequent sequencing reactions if DNA 
concentrations were more that 20pg/pl. If multiple bands were seen on a gel the 
correct band was cut out using a scalpel under UV light and the DNA was purified 
using a ‘freeze and squeeze’ method. In brief, the agarose band excised from the gel 
and transferred to a 1.5ml spin column (MP Biomedicals) and chopped into small 
pieces using a sterile loop. The tube was then placed at -20°C for a minimum of 5 
minutes. The DNA was collected in the column by centrifuging at 13,000 x g for 3 
minutes. The DNA was then transferred to a 1.5ml Eppendorf. To this mixture 3M 
NaOAc (1/10* of the volume) and 100% ethanol (2X volume) was added and mixed 
gently. The DNA was recovered by spinning at 13,000 x g for 15 minutes. The 
ethanol was then removed and a further 250pl of 70% ethanol was added and spun for
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10 minutes at 13,000rpm. The ethanol was removed carefully; any excess ethanol 
was allowed to evaporate. The pellet was then resuspended in 25 pi of water and 5 pi 
of this was used in subsequent sequencing reactions.
6.2.7 Sequencing reaction
Sequencing was carried out using ABI PRISM Big Dye Terminator cycle sequencing 
kit; version 1.0 (Applied Biosystems Ltd) according to the manufacturer’s 
instructions. Sequencing reaction tubes were set up with 4pl ready reaction/PCR 
mix, 4pl template, 2pl (50pmol) primer, 6 pl water, and 4pl buffer. The 
thermocycling reactions were 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 
minutes. The sequencing products were cleaned using the following method; the 
following ethanol precipitation mix (3pi NaAc 3M, 14.5pl water, 62.5pi of ethanol) 
was placed in a 1.5ml Eppendorf for a single reaction. To this mixture 20pl of 
sequencing product was added and centrifuged at 13,000 x g for 20 minutes. The 
supernatant was removed carefully and 250pl of 70% ethanol was then added and 
centrifuged for a further 10 minutes at 13,000 x g. The ethanol was then removed and 
the tube was left open to allow excess ethanol to evaporate. To the pellet, 30pl of 
HiDi (Applied Biosystems) was added, heated for 2 minutes at 95°C and then 
vortexed for 30 sec. The sequencing product was then loaded onto a 96-well plate 
and loaded onto ABI Prism 3100 Genetic Analyser.
6.2.8 Processing sequences
The sequences were aligned using EMBL-EBI K-align software to produce compiled 
alignments of the genes and used for downstream analysis using MEGA (Molecular 
Evolutionary Genetics Analysis) software. Phylogenetic trees were constructed for 
recA compiled sequences and separately for each of mdh, dnaE and gnd.
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6.3 Results
6.3.1 Gene detection by PCR
PCR for recA, mdh, dnaE, and gnd was successful for all the strains tested in the 
study. Figure 6.1 shows a gel image of PCR amplification products for dnaE and mdh 
PCR.
linaEPCR
-t-TC control 06/300 03/crabs 1 06/639 • ve control 06/639
mdb PCH
■ «e c«ntrol + ve Gwntrol 03/ciraifcs 1 06/611 06/731F 06/778
F igure 6.2: P C R  products for dnaE  and m dh  detection resolved on 2%  agarose gel. T he  
dnaE  and m dh  am plicon produced a 450bp and 516bp product respectively.
6.3.2 Sequencing for recA, mdh, dnaE and gnd
Red Hot Taq DNA Polymerase was used (AB Gene) for PCR amplification of genes. 
This enzyme lacks a 3’ to 5’ exonuclease proofreading activity which could result in 
bases being read incoiTectly (error rate:l in 9000 bases), which may consequentially 
lead to changes in nucleotides being interpreted incorrectly. To overcome this a few 
strains were amplified in duplicate and any nucleotide changes were checked for 
reproducibility. However, to ensure accurate interpretation of all sequences PCR 
should have been earned out in duplicate or triplicate but due to the lack of time this 
was not possible.
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A total of 21 strains were sequenced for each of the selected genes. Sequencing 
yielded sufficiently high quality gene sequences data for phylogenetic assignment. 
Sequences produced by DNA products cleaned using Qiagen kits yielded less DNA 
and downstream sequencing using purified products often produced background 
interference among many isolates. As a result of this, another PCR purification kit 
from Promega (Wizard purification kit) was used. This yielded consistently more 
DNA and better quality sequences were produced. Figure 6.3 shows a typical 
chromatograph of sequence results obtained for strain 06/639 for the mdh gene using 
the Wizard® SV gel and PCR Clean Up System (Promega).
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F igure 6.3: A  sequence chrom atograph show ing high quality  sequence data for strain  
06/639 for the m dh  gene.
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6.3.3 Analysis of sequence data
Allelic profiles were assigned to all gene sequences generated and then assigned 
sequence types (ST) (Table 6.2). With the clinical isolates, 2 alleles were identified 
for gnd and mdh, 5 alleles were found for dnaE loci and 3 alleles for recA loci. Seven 
ST were identified for the clinical isolates with 5 isolates belonging to ST2. Each of 
the 7 allelic variants differed from the allele typical of the clonal complex at a single 
nucleotide site, which is indicative of point mutation. With respect to the 
environmental isolates, 4 alleles were found for gnd, 5 alleles for the mdh loci and 11 
alleles for the dnaE and recA loci. Fifteen ST were found for the environmental 
isolates with 5 isolates belonging to ST 10. ST21 and ST20 were recorded twice 
among the isolates. Three of the loci {gnd, mdh, and dnaE) produced allelic variants 
that were caused by single nucleotide changes indicative of point mutation. However, 
in the 4^ '^  loci, recA, one variant type (4) was observed in 7 of the isolates, which 
differed from the typical clonal alleles by at least 4 consecutive polymorphisms and 
were considered to be recombination events.
T able 6.2: A llelic profile assigned to the strains using sequences generated from  gnd, 
m dh, dn aE  and recA . Sequence type has also been included and w h eth er alleles w ere  
generated by m utation  or recom bination . Sequence types that appear m ore than once  
have been colour coded.
Strain ID A llelic Profile
Sequence 
type (ST)
Mutation (M ) or 
recombination (R)
V P E 155855 1,1,1,1 1 M
V P E 168143 1,2,1,1 2 M
V06/011 1,2,1,1 2 M
VP 6136 1,2,2,2 3 M
VP 2053 1,2,3,1 4 M
VP 5421 1,2,4,1 5 M
V 05/067 1,2,1,1 2 M
V 05/068 1,2,1,1 2 M
V 05/010 1,2,1,1 2 M
V 05/012 1,2,1,3 6 M
V05/013 2,2,5,1 7 M
03/crabs 1 4,5,14,14 21 M
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04/crabs 4 4 ,5 ,15,14 22 M
05/312 3,3,6,4 8 R
05/313 3,3,7,4 9 R
05/368 4,4,8,4 10 R
05/409 3,3,9,5 11 M
05/511 4,4,8,4 10 R
06/191 4,4 ,10,6 12 M
06/300 4,4,8,7 13 M
06/402 4,4 ,8 ,4 10 R
06/539 4,2,11,8 14 M
06/585 5,2,10,9 15 M
06/586 6,2,12,10 16 M
06/610 6,2,13,11 17 M
06/611 5,2,10,9 18 M
06/639 3,4,1,12 19 M
06/640 4,4 ,8 ,4 10 R
06/731A 4,4 ,8 ,4 10 R
06/73 IF 3,4,1,13 20 M
06/732 3,4,1,13 20 M
06/778 4,5 ,14,14 21 M
Sequences for all 4 genes were concatenated and dendrograms were constructed from 
the pairwise differences in allelic profiles by cluster analysis using MEGA (Molecular 
Evolutionary Genetics Analysis) software. RecA sequences showed a higher level of 
recombination than the dnaE, gnd and mdh. Resulting phylogenetic trees produced for 
all 4 genes were heavily skewed by recA recombination; as a consequence, results for 
recA sequences have been presented separately. Figures 6.4 and 6.5 show 
phylogenetic trees compiled from concatenated dnaE, gnd and mdh sequences 
produced from both clinical and environmental strains of V. parahaemolyticus. 
Figure 6.4 illustrates clustering by location (i.e. the different sampling points) whilst 
Figure 6.5 indicates clustering according to the different pulse types, isolates with 
unique pulse types have not been designated a colour.
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Figure 6.4: Phylogenetic tree for compiled mdh, gnd and dnaE sequences data. Sampling 
points for strains isolated have been included in this illustration. The scale represents 
the evolutionary distance while bootstrap values have been shown between branches to 
illustrate the confidence of each clade in the tree.
96
71
47
35
19
49
34
31
36
0  06-312
■ 0  05-409
006-313
92
006-939  
0  06-731F 
006-732  
006-640  
005-611 
0  06-300 
0  06-731A 
0  05-368 
0  06-402
$06-191
96
98
10  03-crabs1 
0  06-779 
10  04-crabs4 
99  I 006-685
I 006-611
006-586  
0  06-610
SançHmgpoW 
from Rp Thame* for 
Chinese mitien 
trA sampks
Siie Key
A 0  
B 0  
D 0  
E $
F 0
61
—  V06-002 Clinical 03:K7 sirain 
— 6136 Clinical 03:K6 CS negative
 0  06-539
■6421 -V
99
YOG-11
E168143
YÜ5-67
•E155856
YÜ5-12
> Clinical 03:K6 CSpositive
■2053
Y05-1O
YÜ5-68
■V05-13
0 . 0 0 1
149
Figure 6.5: Phylogenetic tree for compiled mdh, gnd and dnaE sequences data. Pulse 
types for strains isolated have been included in this illustration. Strains with unique 
pulse type have been shown with no label. The scale represents the evolutionary 
distance while bootstrap values have been shown between branches to illustrate the 
confidence of each clade in the tree.
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Figure 6.6: A split tree depicting three sets of concatenated gene sequences for mdh, gnd, 
and dnaE for V. parahaemolyticus strains isolated from Chinese mitten crabs and 
clinical isolates of the pandemic clone 03:K6. Two clear groups of V. parahaemolyticus 
strains have been highlighted in green and blue circles. The P value calculated for this 
set of data is 8.684 x 10’^  showing significance thus suggesting a sufficient level of 
recombination has occurred between these three genes.
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Phylogenetic analysis showed that there was a sufficient degree of recombination and
enough polymorphisms among these housekeeping genes to differentiate between V.
parahaemolyticus clinical 03:K6 strains, and environmental strains isolated from
Chinese mitten crabs. Figure 6 . 6  shows a split tree of the aligned sequences for the
three genes mdh, gnd and dnaE. The tree clearly shows a difference between crab
isolates and clinical isolates. Table 6.3 shows the polymorphisms found between all
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three genes for all the isolates. Within the clinical isolates a total of 4,5,12 and 6  
polymorphic nucleotides were found for mdh/gnd/dnaE/recA retrospectively. While 
the environmental isolates a total of 6,8,14 and 29 polymorphic nucleotides were 
found for mdh/gnd/dnaE/recA respectively. These data illustrate that there were more 
polymorphisms between the clinical isolates and the strains from Chinese mitten crabs 
and that they occurred towards the termini of the sequences.
Both dendrograms and the split tree (Figure 6.4-6.6) grouped the reference strain 
(V06-002, serotype 03:K7) separately from the pandemic 03:K6 clonal complex and 
the environmental isolates. Strain 6136 originating from Japan (exact year of origin 
unknown, but predating 1996), shared the same pulse type as the pandemic group but 
was GS negative and was separated from the other pandemic strains in this scheme. 
Analysis of mdh, gnd and dnaE sequence line-ups for V. parahaemolyticus did not 
clearly group the environmental isolates by sampling location (see Figure 6.4) or by 
pulse type (see Figure 6.5). Three out of 4 strains from Site A were grouped together 
while 1 sample from Site A was clustered with strains from Sites F and B. With 
respect to pulse type, 10 strains were grouped (>90% similarity). In Figure 6.5 these 
strains have been designated in red. Five of the strains were grouped together using 
while the rest have been placed in different clades. 06/586 and 06/610 had pulse 
types that were 100% similar that were also grouped together using MLST.
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1 2 0 5 3 / 1 - 5 5 1 . G ........................A ...................
1 5 4 2 1 / 1 - 5 3 3 . . A . C . . . C . G . G . . . C . ........................A ...................
Î V 0 5 - 6 7 / 1 - 5 1 0 ........................A ...................
f V 0 5 - 6 8 / l - 5 9 1 ........................A ..................
= V 0 5 - 1 0 / l - 5 7 8 ........................A ...................
t V 0 5 - 1 2 / l - 4 9 1 ........................A ...................
I V 0 5 - 1 3 / 1 - 4 7 5 a t . . . .....................G ........................A ..................
I V 0 6 - 0 0 2 / 1 - 5 6 1 C . A , . . A .  . . . G .............. . G . A T A . . A A  A . . A
0 5 - 3 1 2 / 1 - 4 3 5 a .  A.  r c . . G . TAAAAA ATAA
0 5 - 3 1 3 / 1 - 5 4 6 . . A . C c . . G . TAAAAA ATAA
0 5 - 3 6 8 / 1 - 5 8 6 . . G T . . . . , C . . . . TAAAAA A T . A
0 5 - 4 0 9 / 1 - 4 3 8 . . A . C . C . . . . a . . G . . G . TAAAAA AT AA
0 5 - 5 1 1 / 1 - 4 5 5 . . G T . . . . C . . . . TAAAAA A T . A
0 6 - 1 9 1 / 1 - 5 6 5 . . . G . . . . C . G . G . C . . . . C . . . . TAAAAA A T . A
0 6 - 3 0 0 / 1 - 5 8 7 . . G T . . . . C . . . . TAAAAA A T . A
0 6 - 4 0 2 / 1 - 5 5 6 . . G T . . . . c . . . . TAAAAA A T . A
0 6 - 5 3 9 / 1 - 6 0 0 ..............G T A . T G . G . . A . . . c . . . . T A A A A .................
0 6 - 5 8 5 / 1 - 5 9 7 . . . G . . . . C . G . G . C . . . . c C . G . T A A A A .................
0 6 - 5 8 6 / 1 - 5 9 4 . . A . C . . .  c . G . G . . . a . c c . . G . T A A A A .................
j 0 6 - 6 1 0 / l - 5 1 7 . . A . C . .  . c . G . G .............. c c . . G . T A A A A .................
0 6 - 6 1 1 / 1 - 5 1 8 . . . G . . .  . c . G . G . C . . . . c C . G . T A A A A .................
[ 0 6 - 6 3 9 / 1 - 5 2 5 . c . . G . TAAAAA A T . A
1 0 6 - 6 4 0 / 1 - 5 9 8 . . G T . . . . . c . . . . TAAAAA A T . A
0 6 - 7 3 1 A / 1 - 5 8 3 . . G T . . . . c . . . . TAAAAA A T . A
j 0 6 - 7 3 l F / l - 5 7 2 c . . G . TAAAAA A T . A
0 6 - 7 3 2 / 1 - 5 1 2 , c . . G . TAAAAA A T . A
Î 0 6 - 7 7 8 / 1 - 4 7 3 • • A • • . . . T . G . G .............. . c . . . . T A A A A .  A T . A
jo 3 - c r a b s  1 / 1 - 5 2  3 • . A . . . . . T . G . G .............. . c . . . . T A A A A .  A T . A
| 0 4 - c r a b s 4 / 1 - 5 3 7 a . A .  . . . . T . G . G .............. . c . . . . T A A A A . A T . A
r e c A
[ 1 1 1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ]
[ 5 7 0 0 2 4 7 8 4 5 6 9 2 3 8 9 0 0 0 1 1 2 2 2 3 3 4 4 4 4 5 ]
[ 3 3 1 7 2 0 0 2 2 7 9 9 9 2 6 2 1 7 8 5 6 2 5 8 1 4 3 4 5 6 5 ]
; 8 E 1 5 5 8 5 5 / 1 - 6 0 6 GAGGAAGGGG GAGGCTCGAC ACTAGCCAACA
I E 1 6 8 1 4 3 / 1 - 6 6 4
^ V 0 6 - l l / l - 6 0 4
1 6 1 3 6 / 1 - 5 8 9 . . . . A . . T . T A T .
1 2 0 5 3 / 1 - 6 7 9
1 5 4 2 1 / 1 - 6 6 4
| v 0 5 - 6 7 / l - 6 6 9
I V 0 5 - 6 8 / 1 - 6 3 0
f V 0 5 - 1 0 / l - 6 3 0
I V 0 5 - 1 2 / 1 - 4 8 9
I V 0 5 - 1 3 / 1 - 6 7 9
( V 0 6 - 0 2 / 1 - 5 5 8
1 0 5 - 3 1 2 / 1 - 6 1 6 . . T . T A T . G T C T A T T . GAT
1 0 5 - 3 1 3 / 1 - 6 1 1 . . T . T A T . G T C T A T T . GAT
1 0 5 - 3 6 8 / 1 - 5 6 3 . . T . T A T . G T C T A T T . GAT
1 0 5 - 4 0 9 / 1 - 6 5 9 . . T . T A T . a A G T C T A T T . G A T
1 0 5 - 5 1 1 / 1 - 5 4 4 . . T . T A T . G T C T A T T . G A T
1 0 6 - 1 9 1 / 1 - 6 1 4 . . T . T A T . CA G T C T A T T . G A T
K 0 6- 3 0 0 /1 - 66 3 . . T . T A T . . a G T C T A T T . G A T
1 0 6 - 4 0 2 / 1 - 6 4 3 . . T . T A T . G T C T A T T . G A T
1 0 6 - 5 3 9 / 1 - 6 2 9 G . A .  . . . T . T A T . G T C T A T T . GAT
1 0 6 - 5 8 5 /1 - 5 0 4 . . A . T A . T . T A T . G T C T A T T . G A .
1 0 6 - 5 8 6 / 1 - 6 1 5 . T . C . . T T A . . . . . . C T . . . G . A .
1 0 6 - 6 1 0 / 1 - 5 0 0 . T . C . . T T A . . . . . . CT . . . .  G A .
1 0 6 - 6 1 1 / 1 - 5 1 7 . . A . T A . T . T A T . G T C T A T T . G A .
* 0 6 - 6 3 9 / 1 - 5 6 0 A .  . A . . . T .............. . . C T . . . . GAT
1 0 6 - 6 4 0 / 1 - 6 0 8 . . T . T A T . G T C T A T T . GAT
I 0 6 - 7 3 1 A /1 -5 3 9 . . T . T A T . G T C T A T T . GAT
I 0 6 - 7 3 1 F / 1 - 6 3 2 A ,  , A . . T . . . . A . . . . C T . . . . GAT
1 0 6 - 7 3 2 / 1 - 6 2 6 A .  , A , . . T _____ A .  . . . C T . . . . GAT
H 0 6- 77 8 /1 - 5 5 6 . T T A . A T . G T C T A T T . GAT
| 0 3 - c r a b s l / l - 6 7 2 . T T A . A T . G T C T A T T . GAT
10 4 - c r a b s 4 / 1 - 6 8  6 . T T A . A T . G T C T A T T . GAT
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Figure 6.7: A phylogenetic tree for compiled recA sequences. Serotype and sampling 
points have been included in this illustration. The scale represents the evolutionary 
distance while bootstrap values have been shown between branches to illustrate the 
confidence of each clade in the tree.
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Figure 6.7 shows a phylogenetic tree compiled from recA sequences. The Figure also 
includes the environmental sampling points for V. parahaemolyticus and the 
serological data for these strains. MLST for the recA gene was able to clearly 
distinguish the clinical strains of V. parahaemolyticus from those isolated from the 
environment. However, MLST did not group the environmental isolates by their 
serotype, sampling point or pulse type.
154
Figure 6.8: A phylogenetic tree for compiled with recA sequences from crab isolates, 
clinical 03:K6 strains and various RIMD reference isolate sequences. The scale 
represents the evolutionary distance while bootstrap values have been shown between 
branches to illustrate the confidence of each clade in the tree.
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RecA sequences were found to have more polymorphisms particularly in those 
sequences derived from V. parahaemolyticus isolates from the Chinese mitten crabs. 
A selection of environmental sequences were analysed with other recA sequences 
provided by Thompson et al (2007) and deposited in NCBI strain bank. Figure 6 . 8  
shows that sequences do not cluster into discrete groups for environmental and 
clinical isolate sequences. Table 6.4 shows the strain information for the recA
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sequences from the Research Institute of Microbial Disease (RIMD) taken from 
Thompson et al 2007
Table 6.4: Strain list of recA sequences from Research Institute of Microbial Diseases 
(RIMD) used to compare UK environmental sequences.
Synonym Source Place of Isolation Year of 
Isolation tdh
PCR
trh
Serotype
RIMD 2211770 Environment Bangkok, Thailand 1994 - - O10:K61
RIMD 2212201 Environment Osaka, Japan 1999 - - O3:K20
RIMD 2212475 Environment Toyamo, Japan 1999 - - 05:KUT
RIMD 2212673 Patient Osaka, Japan 2 0 0 0 - + 01:K56
RIMD 2212819 Patient Osaka, Japan 2 0 0 1 + + 08:K74
RIMD 2212924 Patient Osaka, Japan 2 0 0 1 + - 04:K68
RIMD 22121044 Patient Osaka, Japan 2 0 0 1 + - 04:K4
RIMD 2210050 Patient Kobe, Japan 1972 + + 04:K12
RIMD 2210056 Patient Kobe, Japan 1972 + - 04:K8
RIMD 2210384 Environment Osaka, Japan 1976 - - 04:KUT
RIMD 2210600 Patient Osaka, Japan 1996 + - 03:K5
RIMD 2210706 Patient Osaka, Japan 1993 + - 04:K12
RIMD 2210877 Patient Osaka, Japan 1992 + - OliKUT
RIMD 2210884 Patient Osaka, Japan 1992 + - 04:K8
RIMD 2210986 Environment Bangkok, Thailand 1994 - - OliKUT
RIMD 2211424 Patient Osaka, Japan 1989 + + O6 1 K I 8
RIMD 2211499 Patient Osaka, Japan 1994 + - 02iK3
RIMD 2211932 Patient Osaka, Japan 1990 + - O8 1 KUT
6.4 Discussion
The 03:K6 serotypes of V. parahaemolyticus have been responsible for a high 
number of gastroenteritis outbreaks throughout the world. Other serotypes, 04:K68, 
01:K25 and OliKUT that share molecular characteristics with 03:K6 (i.e. tdh and 
GS-PCR positive) have also been documented and are reported to have diverged from 
the original 03:K6 serotype (Chowdhury et al 2004, Nair et al 2007). In Chapter 4 
of this thesis, and in the published literature PFGE profiling has been shown to be 
unable to discriminate between 03:K6 strains and their putative clonal derivatives 
(i.e. 04:K68, 01:K25 and 01:KUT) even though these isolates have been collected 
over extended time periods and diverse geographical locations, and may potentially 
have some genomic variability. To characterise these apparently genetically identical
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isolates derived from a single precursor through clonal expansion requires a typing 
method that can capture genetic variation that has accumulated over time. Most typing 
systems differ in their discriminatory capacity depending on the marker used for 
discrimination, and it has been suggested that use of multiple markers can increase 
discriminatory power. Analysis of multi locus sequence variation has been widely 
used to study population biology and phylogenetics of both eukaryotes and 
prokaryotes (Caugant, 2003) and thus seems ideally suited to the study of K 
parahaemolyticus in the context of the work undertaken here. Moreover, large scale 
nucleic acid sequencing methods such MLST have recently become more widely 
accessible, rapid and have been proven to improve and advance epidemiological 
surveillance of major bacterial pathogens such as N. meningitidis and Strep, 
pneumoniae.
In this study, a scheme using four genes was developed and applied to a panel of V. 
parahaemolyticus strains to investigate the utility of MLST as a characterisation tool. 
The dnaE and recA genes were selected as they had demonstrated sufficient variation 
among V. parahaemolyticus sequences in a previous pilot study (Chowdhury et al. 
2004). The two other genes chosen were gnd and mdh. Gnd and mdh had also shown 
good sequence homology and had been examined in prior MLST schemes for 
characterisation of Vibrio species (Boyd et al 1994, Byun et al 1999, Chowdhury et al
2004). In preliminary experimental work the published primer sequences for gnd did 
not yield discernable bands with the sub-set of isolates examined in this study. Thus 
new primers for were designed in house using alignments of the 1 2  publicly available 
V. parahaemolyticus sequences. There was a lack of mdh published sequences, which 
hindered the design of the primers, and thus considerable variation within sequences
157
for this region may be apparent. However unusually high levels of recombination and 
sequence diversity were not observed and thus the primers were not redesigned. All 
four loci were taken from spatially distinct regions of Chromosome 1 (Figure 6.1) to 
ensure that recombination events resulting in sequence diversity in one locus would 
not affect proximal genes.
The MLST scheme used in this study was successful in discriminating between 
environmental and clinical isolates. Strains belonging to the V. parahaemolyticus 
03:K6 pandemic clonal complex were successfully identified although it is not 
possible to discriminate these isolates further. Only two reports of MLST schemes for 
V. parahaemolyticus have been published. In these studies gyrB, recA, dnaE, andgW  
(Chowdhury et al 2004) and gyrB, recA, dnaE, dtdS, pntA, pyrC  and tnaA (Gonzalez- 
Escalona et al 2008) were utilised. In both studies the clonal relationships of the 
pandemic 03:K6 strains and its serovariants were examined. In accordance with 
these studies, MLST data presented here indicated the largely homogeneous nature of 
most genes of the pandemic clonal complex, independent of geographical site of 
isolation, serotype or time. The nucleotide gene sequences derived from the 03:K6 V. 
parahaemolyticus strains used in this study produced little variation among dnaE, gnd 
and mdh indicating that the genes selected were stable over time and not suggestive of 
major recombinational or mutation events. However, several authors have reported 
that a high level of variability amongst dnaE and recA sequences exists among 03:K6 
strains implying the usefulness of these genes in a MLST scheme (Byun et al 1999, 
Thompson et al 2004, Gonzalez-Escalona et al 2008). In the present study 
substantially genetic heterogeneity was only identified amongst recA genes and in 
particular more was observed for the environmental strains.
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MLST analysis of the K parahaemolyticus strains isolated from Chinese mitten crabs 
in the River Thames showed a much higher degree of point mutations and 
recombination between the four genes used in this study. In particular the nucleotide 
gene sequences for recA showed a high degree of recombination towards the 3’ end of 
the sequenced fragment, which was found in a majority of the environmental strains 
but was absent in clinical strains. The recA sequences that demonstrated these 
changes were subsequently compared to other recA sequences from V. 
parahaemolyticus deposited in the NCBI database but showed no significant 
correlation and clinical datasets could not be separated from environmental sets. Thus 
this recombinational event seen in recA alleles from isolates of V. parahaemolyticus 
taken from Chinese mitten crabs from the Rv. Thames is still unexplained. When this 
fragment was compared with other gene sequences in the BLAST database the 
fragment is also seen in some V. cholerae and V. mimicus strains. In bacteria 
recombination can also occur between species. This intraspecies recombination (or 
horizontal gene transfer) appears to occur frequently in many bacterial species and 
may have occurred between V. parahaemolyticus, V. cholerae and V. mimicus isolates 
living in close proximity within the Rv. Thames or the Chinese mitten crabs although 
further work would need to be carried out to further support this hypothesis. 
Generally, the sequences obtained from V. parahaemolyticus strains showed good 
levels of recombination in all four genes chosen. However, more genes would need to 
be selected to establish similar clonal complexes seen from PFGE.
MLST can capture the evolutionaiy changes that take place within isolates however it 
is heavily dependent upon the housekeeping genes chosen and the level of
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recombination that occurs over time within those genes. In some studies it has been 
shown that MLST has less discriminatory ability than PFGE typing for S. enterica 
serovar Typhimurium and Campylobacter jejuni characterisation (Fakhr et al 2005, 
Sails et al 2003) for clinical isolates. The four genes selected by Fakhr et al (2005), 
manB, glnA, pduF, and spaMhsid conserved sequences showing no variation and was 
unsuccessful in discriminating Salmonella strains. Similarly in another study, 
utilising 3 virulence genes among E. coli 0157:H7 isolates it was found that MLST 
gave poor discrimination and that PFGE remained the best choice for discrimination 
of clinical E. coli 0157:H7 strains (Foley al 2004). In a study considering typing 
of 47 isolates of C. jejuni from 12 outbreaks, MLST was found again to be less 
discriminatory than PFGE. Although in some cases where PFGE produced 
untypeable fingerprints MLST was used to successfully characterise the strains (Sails 
et al 2003). The authors showed that PFGE combined with MLST could be useful. 
The low discrimination seen in MLST as a typing tool is limited by the chosen 
nucleotide sequences of the selected genes/loci, where as PFGE considers the entire 
genome. Thus, if the genes selected for MLST provide little or no variation, than 
MLST cannot distinguish between strains. Analysing multiple genes from various 
regions of the V. parahaemolyticus genome may overcome this problem. All four 
genes selected in this study were situated on Chromosome I and in hindsight given 
more time further genes should have been selected that would have been situated on 
Chromosome II of the V. parahaemolyticus genome. The potential for evolutionary 
change and ultimately the success of the housekeeping genes chosen is dependant on 
the genetic mechanisms available to the gene such as mutation, recombination, 
conversion, DNA repair and the rates at which these event are likely to occur. There 
is no ideal way to predetermine a gene’s success in MLST schemes until a large
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number of isolates have been tested for that strain. From the MLST dataset obtained 
here, it is apparent that MLST contributed little further discriminatory information to 
the 03:K6 clonal complex. It would be interesting to study more environmental 
strains of V. parahaemolyticus and compare them to those isolated from Chinese 
mitten crabs using the current selection and additional genes. Thus on the basis of the 
limited amount of data presented here PFGE still remains the method of choice for the 
molecular typing of both clinical and environmental V. parahaemolyticus strains.
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Final Conclusion
Vibrio species are the causal agents of a significant number of cases of water and 
seafoodbome-gastroenteritis, primary and fulminating septicaemia and localised ear 
infections. With the exclusion of V. cholerae and V. mimicus vibrios are ubiquitous in 
marine and estuarine aquatic ecosystems. Among more than 20 Vibrio species known 
to be associated with human disease, V. cholerae, V parahaemolyticus and V 
vulnificus are considered the most important.
Currently, where undertaken throughout the European Union, the detection of 
pathogenic vibrios in seafood products is generally by conventional cultural methods, 
including the new technical specifications ISO TS 28172 parts 1 and 2 (Anon 2007), 
followed by biochemical identification of the isolated strains. For identification of 
isolated strains commercial identification kits such as API 20E and API 20NE, have 
been widely used (Croci et al 2001, O'Hara et al 2003). A more comprehensive set of 
biochemical tests for the identification of Vibrio species was proposed (Alsina and 
Blanch, 1994), this has been demonstrated by some workers to provide a good level of 
identification of both clinical and environmental isolates (Ottaviani et al 2003). 
However, comparative studies between the commercially available systems (that 
require less specialist technical interpretation), such as Crystal E/NF panel. Rapid Neg 
ID, Vitek GNI+, ID-GNB cards and API 20E, have indicated a less than 90% 
accuracy rate for V. parahaemolyticus identification with a large proportion of 
misidentifications (Lee et al 2008). Significantly for the work presented in this thesis, 
it has been reported that the use of relatively user-friendly proprietary biochemical 
identification galleries has frequently resulted in non-pathogens being identified as 
pathogens and vice versa (Lee et al 2008).
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At present detection or enumeration of Vibrio species is not required under EU Food 
Hygiene legislation for testing of shellfish harvesting areas and ready to eat seafood 
products (EC (No.) 882/2004; EC (No.) 853/2004; EC (No.) 854/2004; EC (No.) 
2073/2005). This is largely due to the recommendations of the EU expert working 
group ‘The Scientific Committee on Veterinary Measures Relating to Public Health of 
the European Commission’ who concluded that the incidence of V. parahaemolyticus 
gastroenteritis is rare in Europe and that current methods were not appropriate for the 
detection of V. parahaemolyticus (Anon, 2001). As a consequence V. 
parahaemolyticus was excluded from the European Network for Epidemiologic 
Surveillance and Control of Communicable Diseases and from Microbiologie 
Surveillance System for Infectious Gastroenteritis. Consequently whilst the 
introduction of Food Hygiene legislation covering V. parahaemolyticus is 
foreshadowed in existing legislation, in the preamble to the Microbiological Criteria 
for Foodstuffs, EC (No.) 2073/2005 it is acknowledged that this should be dependent 
upon the development of suitable test methods (EC (No.) 2073/2005).
Disease associated with V. parahaemolyticus is not notifiable in the EU and this 
together with the lack of standardised, validated methods for detection, enumeration 
and characterisation of pathogenic Vibrio species in foodstuffs has probably resulted 
in under-reporting of the impact of the organisms in the community. Therefore, as 
with other relatively mild non-notifiable illness, the true estimation of the community 
disease burden is unknown. However, the large numbers of V. parahaemolyticus 
illness reported from outbreaks in Galicia, Spain in 1999 and 2000 in recent years has 
begun to change the epidemiological significance of this pathogen in Europe. More 
reports of the organism in the European environment have been documented
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including in France (Hervio-Heath et al 2002), Spain (Lozano-Leon, 2003) Holland 
(Van den Broek et al 1979), Sweden (Kronkvist et al 2007), Norway (Bauer et al 
2006) and now in the UK (Wagley et al 2008). More recently Martinez-Urtaza et al 
(Martinez-Urtaza et al 2008) have shown that the presence and persistence of V. 
parahaemolyticus in the marine environments of Spain isolated from seawater 
temperatures ranging from as low as 12°C to 20°C and salinity ranges from 30.9 ppt 
to 36.2 ppt. This study showed that salinity was more influential in the abundance of 
V. parahaemolyticus in the environment than temperature. However, it is well known 
that V. parahaemolyticus cells proliferate rapidly with increases in ambient 
temperature, therefore with rising sea temperatures and non-refrigerated storage post 
harvest it has been postulated that there will be an increase in the exposure of the 
consumer to potentially pathogenic strains of this organism (pers. comm. JD Oliver). 
The expansion of the EU has already resulted in increased trade of seafood products 
across Europe potentially from regions where V. parahaemolyticus is potentially more 
widespread (i.e. warmer regions of the EU). The lack of standardised reference 
methods can be considered to impact upon the number of vibrio-related detention and 
rejections notified via the Rapid Alert System for Food and Feed (RASFF). RASFFs 
are triggered where imported seafoods test positive for various Vibrio species, 
however it is probable that on a number of occasion inappropriate methodologies are 
applied and thus the pathogenic significant of the isolates cannot be meaningfully 
assessed. Currently it is estimated that Vibrio species cause the highest number of 
detentions or rejections at EU borders accounting for around 40% of all cases 
(Ababouch et al 2005). The effect of this on trade can be substantial and many may 
be unsubstantiated in terms of public health risk. Without the development of 
appropriate methodologies both the trade losses and health risks may increase
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particularly with expansion of the EU and predicted longer and warmer summers 
resulting from climate change.
The overriding aim of this project was to improve the knowledge base of pathogenic 
K parahaemolyticus in the UK and other parts of Europe by developing and applying 
molecular detection, enumeration and characterisation tools. In particular, it was 
hoped to develop standardised characterisation approaches using PFGE that could be 
integrated in laboratories across Europe to enable legitimate comparisons of data 
produced in future multi-laboratory studies. A standardised, controlled protocol for 
PFGE typing was established for V. parahaemolyticus and used successfully to 
establish clonal relationships between serologically, geographically and temporally 
unrelated V. parahaemolyticus isolates from both clinical and environmental sources. 
The method was rapid taking up to 72 hours, compared to methods published prior to 
2005 which required >4-5 days, and demonstrated 100% typeability for the V. 
parahaemolyticus strains examined in this study. These tools have allowed us to 
assess the pathogenic significance of V. parahaemolyticus in U.K. water, a range of 
indigenous seafood and a limited number of clinical isolations. A number of 
approaches developed within the scope of this study may now form the basis of future 
standard methodologies for potential uptake in legislation in the future (Anon, 2006
(b))
In summary it was found that enumeration of V. parahaemolyticus in a range of 
seafood samples was strongly seasonal and whilst the bacterium could be routinely 
isolated during the winter months (November-April) from Chinese mitten crabs, 
significantly higher counts were found during the summer (May-October). Of these
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environmental isolates, only a small proportion (1 2 %) were found to possess the 
pathogenicity principles (TDH and/or TRH) or be present at clinically significant 
levels as determined by the recent FDA Risk Assessment (FDA, 2001). However it is 
worthy of note that the infectious dose may be considerably less than has been 
indicated in these limited studies as evidenced by McLaughlin et al (2005) who 
reported the attack rate being 1500 times lower than the guideline level set by the 
National Shellfish Sanitation Programme in USA at 5000MPN/g for harvested oysters 
thus indicating the uncertainty of the infectious dose of this organism.
Isolates collected during the course of this work were not closely clonally related to 
the clinical isolates of V. parahaemolyticus used for comparative purposes in this 
study. However we were able to demonstrate using PFGE that clinical isolates of V. 
parahaemolyticus from UK patients recently travelling from endemic regions were 
carrying strains that were clonally identical to 03:K6 pandemic strains and 
demonstrate the first identification in the UK.
The developed PFGE method has also been applied to epidemiological investigations 
of V. parahaemolyticus in Chinese mitten crabs from the River Thames to elucidate 
the geographical spread or transmission of the bacterium over time. We have found 
levels of V. parahaemolyticus in Chinese mitten crabs collected from several stations 
on the River Thames in excess of 5.0x10^ CFU/g. This finding is in contrast to other 
published studies on V. parahaemolyticus densities in the Chinese mitten crab and in 
data collected from indigenously produced UK shellfish where levels have been 
consistently lower. PFGE methods were able to illustrate that one major clonal 
complex was found among crab isolates. This complex included strains from crabs
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collected from different locations and time, indicating considerable geographic and 
temporal stability. This clonal complex accounted for nearly half the strains isolated 
and suggested that this strain may have an ecological relationship with the Chinese 
mitten crabs where V. parahaemolyticus strains are able to selectively colonise the 
hepatopancreas of the crab by preferential adhesions in the gut of the crab as 
suggested by Huq et al (1986). The mechanism underlying this with respect to V. 
parahaemolyticus and Chinese mitten crabs remains to be elucidated and further work 
is required.
To further investigate the relationships between the clonal complex revealed in 
Chinese mitten crabs, a MLST scheme was applied which considered the genetic 
variation among 4 housekeeping genes. MLST is a novel approach to characterising 
strains and promised to discriminate strains further. In our study four genes were 
used in an attempt determine evolutionary relationships between clonally identical 
strains from crabs and to discriminate between clinical and environmental isolates. 
Further discrimination of the 03:K6 isolates was unsuccessful by this method and 
little variation was detected. Environmental isolates of V. parahaemolyticus from 
Chinese mitten crabs showed a much higher degree of point mutations and 
recombination between the four genes used in this study than clinical isolates. 
However, it was clear that as MLST only considered a selection of genes and the 
variation between them that PFGE a method that considers the entire genome was 
preferential in characterising V. parahaemolyticus isolates.
Data generated within the scope of this study could be used to help develop future 
microbiological criteria to analyse V. parahaemolyticus in foodstuffs. Furthermore
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the identification and characterisation tools used in this study will provide a useful 
resource for future epidemiological and surveillance studies. The integration and 
harmonisation of well-evaluated methods, such as the standardised PFGE protocols, 
will advance the knowledge base within the community and provide important 
information to inform future decisions on controls within the EU. The outcomes of 
this project will reduce the potential human health hazards presented by the ingestion 
of V. parahaemolyticus and thus promote consumer confidence and economic trade of 
seafood markets.
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APPENDIX I -  PRODUCTION OF SPECIALIST MEDIA AND REAGENTS 
1. Alkaline Salt Peptone Water (ASPW)
Peptone water (Oxoid Ltd) 30g
Sodium chloride (NaCl) 2 0 g
De-ionised water IL
All the ingredients were weighed into a conical flask and dissolved using a magnetic 
plate stirrer. The pH was adjusted to 8.5±0.2 and the subsequently autoclaved at 
121 °C for 15 minutes.
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2. Tryptone Soya Agar supplemented with triphenyltetrazolium chloride (TSAT)
Tryptone (Oxoid Ltd) 15g
Soya peptone (Oxoid Ltd) 5g
Sodium chloride (NaCl) 30g
Sucrose 2 0 g
Bile Salt (Oxoid Ltd) 0.5g
Technical Agar No.3 (Oxoid Ltd) 15g
1% triphenyltetrazolium chloride solution 3 ml
De-ionised water IL
1 % triphenyltetrazolium chloride solution
Triphenyltetrazolium chloride 0 .1 g ± 0 .0 2 g
De-ionised water 1 0 ml
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
autoclaved at 121 °C for 15 minutes. The 1% triphenyltetrazolium chloride solution 
was made and filtered through a 0.22pm filter for sterilisation. Once the agar mixture 
had come out of the autoclave, 3 ml of 1% triphenyltetrazolium chloride solution was 
added aseptically. The agar mixture was then poured into Petri dishes and allowed to 
cool before use.
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3. Arginine dihydrolase (Thornleys) with 1% NaCl
NaCl 5g
Potassium phosphate (K2HPO4) 0.30±0.05g
L (+) arginine hydrochloride lOg
Bacteriological peptone (Oxoid) Ig
Bacteriological agar No. 1 (Oxoid) Ig
1% Phenol red solution 0 .6 ±0 .1ml
De-ionised water IL
1% Phenol red solution
Phenol red O.liO.Olg
De-ionised water 1 0 ml
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The phenol red solution was then added to the conical flask. The 
ingredients were dissolved using a magnetic heated plate stirrer. The pH was adjusted 
to 7.15-7.25 and brought to the boil. The mixture was then autoclaved at 121 °C for 
15 minutes before 3.3ml were dispensed into bijoux. The media was then autoclaved 
again at 121 °C for 15 minutes.
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4. 0% Sodium Chloride (NaCl) peptone water
Peptone Bacteriological (Oxoid)
De-ionised water
Ig
IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the pH was adjusted 6.9±0.2. The mixture was then autoclaved at 121 °C for 15 
minutes before being aseptically being dispensed into 1 0 ml.
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5. Tryptone Soya Agar (TSA)
Soya peptone (Oxoid) 5g
Tryptone 15g
NaCl 5g
Agar 15g
De-ionised water IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the pH was adjusted 7.0±0.5. The mixture was then autoclaved at 121°C for 15 
minutes before being aseptically being dispensed into 1 0 ml.
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6. Tryptone water
Tryptone lOg
NaCl 5g
De-ionised water IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the pH was adjusted 7.3±0.5. The mixture was then autoclaved at 121 °C for 15 
minutes before being aseptically being dispensed into test tubes of 1 0 ml volumes.
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8. Nitrate broth
Beef extract 3g
Peptone 5g
Potassium Nitrate (KNO3) (nitrite-free) Ig
De-ionised water IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the pH was adjusted 7.0±0.2. The mixture was then autoclaved at 121°C for 15 
minutes before being aseptically being dispensed into bijoux of 5ml volumes.
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7. Carbohydrate fermentation media
Carbohydrates - D-glucose 
Cellobiose 
- L-arabinose
Carbohydrate lOg
Peptone lOg
NaCl lOg
Andrades Indicator 5ml
De-ionised water IL
Andrades Indicator
Acid Fuchin 05g
Sodium hydroxide IM 16ml
De-ionised water 1ml
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
then the Andrades Indicator was added. The mixture was then autoclaved at 121°C 
for 15 minutes before being aseptically dispensed into universals of 1 0 ml volumes.
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8. TiNs Agar
Tryptone lOg
NaCl 30
Agar 2 0
De-ionised water IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the pH was adjusted 7.2±0.2. The mixture was then autoclaved at 121°C for 15 
minutes and then poured into Petri dishes and allowed to cool before use.
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9. Hybridisation Media Reagents 
- 20X Standard Saline Citrate (SSC) Solution
NaCl 175.4 g
Sodium Citrate. 2 H2O 8 8 . 2  g
De-ionised water IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the solution was stored at room temperature. The solution was discarded after 90 days. 
Dilutions of 5X, 3X and IX SSC buffer were made using distilled water. The IX SSC 
buffer was diluted only before use and discarded after one day.
- Hybridisation buffer
Bovine Serum Albumin (BSA) 
(Fraction V Powder)
0.5 g
Sodium Dodecyl sulphate (SDS) 
(Sodium Lauryl Sulphate)
1 .0  g
Polyvinylpyrrolidone (P VP-360) 0.5 g
5x SSC Buffer 1 0 0 . 0  ml
All the dry ingredients were placed in a conical flask and the 5XSSC buffer was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
stored at 4°C for no longer then 1 week. The buffer was warmed to 54°C before use in 
a water bath.
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- IXSSC/SDS solution
Sodium Dodecyl sulphate (SDS) 
(Sodium Lauryl Sulphate)
IxSSC
1 0  g
IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the solution was stored at room temperature. The solution was discarded after 90 days.
- 3SSC/SDS solution
Sodium Dodecyl sulphate (SDS) 
(Sodium Lauryl Sulphate)
3xSSC
lOg
IL
All the dry ingredients were placed in a conical flask and the deionised water was 
added to the mix. The ingredients were dissolved using a magnetic plate stirrer and 
the solution was stored at room temperature. The solution was discarded after 90 days.
- NBT/BCIP solution
This solution was made just before it was needed. Two NBT/BCIP ready-to-use 
tablets (Sigma) were dissolved in 20 ml of distilled water. The solution was discard 
after one use.
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10. PFGE media reagents
- Cell suspension buffer
lOOmM Tris: lOOmM EDTA, pH 8.0
Tris IM 1 0 ml
EDTA 0.5M 2 0 ml
Distilled water 70ml
- Cell Lysis Buffer
50mM Tris: 50mM EDTA, pH 8.0, 1% sarcosyl
Tris IM 25ml
EDTA 0.5M 50ml
10% Sarcosyl 50ml
Distilled water 375ml
1% Seakem Gold Agarose
Seakem Gold Agarose 0.5g
TE Buffer 47ml
SDS 20% 2.5ml
- TE Buffer
lOmM Tris: ImM EDTA, pH 8.0
Tris IM 1 0 ml
EDTA 0.5M 2 ml
Distilled water 988ml
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APPENDIX II - CONTROL ORGANISMS FOR BIOCHEMICAL TESTS
Test Positive organism Negative organism
Oxidase test F. parahaemolyticus (NCTC 1902) Ps. Aeuroginosa (NCTC 10332)
0% NaCl growth V. cholerae (NCTC 8042) V. parahaemolyticus (NCTC 1902)
3% NaCl growth V. parahaemolyticus (NCTC 1902) Uninoculated
6% NaCl growth V. parahaemolyticus (NCTC 1902) Uninoculated
8% NaCl growth V. parahaemolyticus (NCTC 1902) Uninoculated
10% NaCl growth V. alginolyticus (NCTC 12160) V. parahaemolyticus (NCTC 1902)
Growth at 30°C V. cholerae (NCTC 8042) Uninoculated
Growth at 42°C V. parahaemolyticus (NCTC 1902) V. cholerae (NCTC 8042)
Voges Proskauer Enterobacter aeorgenes (NCTC 10006) V. parahaemolyticus (NCTC 1902)
Sensitivity at 10|ig V. parahaemolyticus (NCTC 1902) Resistant V. vulnificus (NCTC 11067) Sensitive
Sensitivity at 150gg V. cholerae (NCTC 8042) V. cholerae (NCTC 8042)
Nitrate reduction V. parahaemolyticus (NCTC 1902) V. metschnikovii (NCTC 8433)
Indole test V. cholerae (NCTC 8042) V. parahaemolyticus (NCTC 1902
Arginine Dihydrolase V.jluvialis(nCTC  11327) V. parahaemolyticus (NCTC 1902)
D-glucose (acid) V. parahaemolyticus (NCTC 1902) Uninoculated
D-glucose (gas) V. furnissii (NCTC 11218) V. parahaemolyticus (f^CYC 1902)
Cellobiose F.y7wv/a//5 (NCTC 11327) V. parahaemolyticus (NCTC 1902)
L-arabinose V. fluvialis (NCTC 11327) V. cholerae (NCTC 8042)
Urea Proteus mirabilis (NCTC 10975) V. parahaemolyticus (HCTC 10884)
TSIA slope V. parahaemolyticus (NCTC 1902) Alkaline Ps. Aeuroginosa (NCTC 10332)
slant Acid butt
ONPG V. cholerae V. parahaemolyticus (NCTC 1902)
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APPENDIX III -  SOP FOR CHARACTERISATION OF K 
PARAHAEM OLYTICUSmmGV¥GE
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CEFAS STANDARD OPERATING PROCEDURE
Characterisation of Vibrio species using pulse field gel electrophoresis (PFGE)
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15.0 REAGENTS
HISTORY OF PROCEDURE
1.0 INTRODUCTION
PFGE is a method that allows the analysis of chromosomal DNA that has been digested with 
a restriction endonuclease to yield different size DNA fragments. This technique has a great 
value in epidemiological studies, in that it allows the differentiation of pathogenic strains and 
in their monitoring of their spread among communities.
2.0 SCOPE
This PFGE method is suitable for the characterisation of Vibrio species using PFGE. It 
covers generation of bacterium inoculum, preparation of agarose plug, lysis and washing of 
plug, restriction endonuclease of DNA and loading of plug onto gel and electrophoresis using 
a contour clamped homogenous electric field (CHEF) technique.
3.0 TRAINING
This procedure may only be carried out by staff that have received appropriate training.
4.0 PRINCIPLE
This method involves taking bacterial DNA and subjecting it to a restriction endonuclease, 
which cuts the DNA generating a number of different size fragments. These different size 
fragments cannot be visualised using conventional gel electrophoresis as this allows DNA to 
move through the gel under a unidirectional electrical field that only generates a single band 
on a gel. CHEF changes the direction of the electric field to reorient the DNA by changing the 
polarity of an electrode array. Therefore in this method the electric field is changed during 
electrophoresis so that DNA molecules will are forced to change direction. The DNA 
fragments will migrate through the gel at different rates where the larger DNA fragments will 
move more slowly than smaller DNA fragments. Thus, the different DNA fragments will 
separate from each other.
5.0 SAFETY PRECAUTIONS
Standard microbiology safety precautions should be applied throughout. Disposable plug 
mold used should be thoroughly soaked after use in bleach and should be sterilised with 
ethanol before ever use. The gel tank should be cleaned before use with bleach and then 
finally with ethanol. Ethidium Bromide is highly carcinogenic and should be handled with 
extreme care. TBE buffer containing thiourea should be kept in the dark to prevent its 
breakdown, thus it may be imperative (depending on work environments) to cover gel tank in 
foil to minimise exposure to sunlight.
6.0 EQUIPMENT
1.5ml eppendorfs 
CHEF DRII system (Bio-Rad)
Foil
Fridge 4°C 
Incubator at 37±1°C 
Incubator at 50±1®C 
Incubator at 54±1®C 
Latex gloves 
Orbital Shaker
Pipette - automatic or manual for use with 1ml, lOOpI and lOpI pipette tips 
Pipettes 1ml, 5ml and 10ml 
Plug molds (Bio-Rad)
Razor blades 
Safety gloves 
Screen cap 
Spatula
• Spectrophotometer and tubes
•  Sterile bijoux
• Swabs
• Water bath 55°C
7.0 MEDIA AND REAGENTS
Bleach
Cell Lysis Buffer (50mM Tris: 50mM EDTA, pH 8.0, 1% sarcosyl) 
Cell Suspension Buffer (lOOmM Tris: lOOmM EDTA, pH 8.0) 
Ethanol
Molecular Grade Water 
Not I restriction enzyme (Promega)
Proteinase K (20mg/ml)
Pulse Field Gel Electrophoresis Agarose 
Tris-Borate EDTA (TBE) Buffer X10 (Promega)
Thiourea (Sigma)
TE Buffer (10mM Tris: 1mM EDTA, pH 8.0)
Tryptic Soy Agar (TSA) with 2% NaCI
8.0 MICROBIOLOGICAL REFERENCE MATERIALS
• Salmonella braenderup
9.0 PROCEDURE
9.1 PREPARATION OF BACTERIAL STRAINS
Bacterial strains to be used for characterisation should be pure. A colony of the isolate to be 
tested should be streaked onto TSA agar supplemented with 2% NaCI for single colonies. 
This should be incubated at 37°C for 14-18hrs.
9.2 PREPARTION OF AGAROSE
Into a sterile bottle weigh 0.5g of SeaKem Gold Agarose. To this add 47ml of TE buffer and 
melt in the microwave for 30 seconds and then at 10 second intervals until the agarose has 
fully melted. Place the melted agarose in a water bath at 55°C. After the agarose had 
equilibrated to the water bath temperature, add 1.25ml of 20%SDS solution that has already 
been preheated to 55°C and mix well. This is now ready for use. Any extra agarose left can 
be reused to make plugs one more time.
9.3 PREPARTION OF BACTERIAL PLUG
Using a sterile swab take a proportion of the bacterial colonies off the TSA plates and 
resuspend in 2mls of cell suspension buffer until a homogenous suspension is made. The 
suspension should be made to an optical density between 1.3-1.4 at a wavelength of 600nm 
on a spectrophotometer. The bacterial suspension can be adjusted using sterile cell 
suspension buffer. The bacterial suspensions can be used straight away in the next step or 
be placed on ice until needed.
Into an eppendorf, place 400pl of the bacterial cell suspension buffer, along with 20pl of 
proteinase K solution (20mg/ml). To this, add 400pl of agarose (from section 9.2) and gently 
pipette up and down ensuring the minimisation of bubbles. The eppendorfs can be placed in 
a sterile holder in the water bath for 2-3 minutes before proceeding to the next step. If the cell 
suspension has been placed on ice then to prevent heat shock of cells these can put at 37°C 
for 5 minutes before being added to the agarose.
The agarose should be dispensed into sterile reusable plug molds without the formation of 
bubbles. From the solution 2-3 plugs can be made. However, only two plugs are required for
further processing. The plug mold can be left at room temperature for 20 minutes to ensure 
agarose has set or in the fridge at 4°C for 10 minutes.
9.4 LYSIS OF PLUGS
Into a sterile 50ml centrifuge tube, place 5mls of lysis buffer. To this add 25pl of Proteinase K 
(20mg/ml) and mix well. Remove the agarose plugs from the mold using a sterile spatula and 
place carefully into the centrifuge tube containing the lysis buffer. Incubate the tubes at 54°C 
for 2 hrs with constant shaking (200rpm).
9.5 WASHING OF AGAROSE PLUGS
Pre-heat TE buffer to 50°C in a water bath. Take the centrifuge tubes from the shaker and 
decant the lysis buffer from the tube ensuring that the plugs remain in the tube. A screened 
cap or spatula can be used to ensure the plugs are not decanted. Place the plugs into a fresh 
centrifuge tube and add 15mls of TE buffer. Incubate the plugs at 50°C with vigorous shaking 
(200rpm) for 1 hour. A second wash should be carried out for one hour followed by two 
further washes at 30 minutes. After the final wash the TE buffer can be decanted. The plugs 
can be transferred to sterile bijoux containing 5mls of fresh TE buffer. The plugs can now be 
stored at 4°C until they are required.
10.0 RESTRICTION DIGESTION OF DNA IN AGAROSE PLUGS USING N0T1
Add lOOpI of X I0 Buffer D to 900pl of molecular grade water and place in a 1.5ml eppendorf 
tube. The plugs chosen to be restricted can be taken from the buffer using a sterile spatula 
and placed on a sheet of foil. The plug can then be cut to create 2-5mm slices using a sterile 
razor blade. The restriction enzyme Notl should be placed on ice at all times possible. 30U 
of restriction enzyme should be added to the eppendorf, this amount of restriction enzyme is 
suitable for 1 plug or 2-3 plug slices. The plug slices can now be added to the eppendorf and 
placed at 37°C for 6hrs.
11.0 CASTING AGAROSE GEL AND SETTING UP GEL TANK
Take Igram of SeaKem Gold Agarose (Cambrex) and place into a sterile bottle. To this add 
100ml of X0.5 TBE Buffer (with 200pM, thiourea) and mix by swirling gently. This can then be 
placed in the microwave for 1 minute. After this the agar should be melted for 15 second 
intervals until the agarose has full melted. Take 1ml of the agarose and place in a sterile 
bijou for use later. The agarose can then be poured into a casting stand with a comb in place 
and left for 30 minutes to set. There should be no bubbles present in the gel and any bubbles 
produced can be removed with the sharp edge of a razor blade. Two litres of X0.5 TBE buffer 
(with 200plVI thiourea) should be placed into the gel tank. The temperature should be set to 
14°C and the flow pump speed at 70. The buffer should be placed in the tank for at least 30 
minutes prior to the gel being loaded, so that it can fully equilibrate to the temperature and 
flow pump.
12.0 LOADING THE GEL AND ELECTROPHORESIS
After the incubation for the plug restriction is over, the buffer from the eppendorf can carefully 
be decanted using a pipette ensuring that there is minimal damage to the plugs. Using a 
spatula the plug slices can be loaded into the gel. The extra 1ml of agarose that was place 
aside in section 11.0 can now be melted in the microwave for 20 seconds. This agarose can 
be used to fill the well up so that there is no air remaining in the body of the gel. This should 
be left to set for 5-10minutes. The gel can then be removed from the casting stand and 
placed into the gel tank. The gel running conditions should be set as follows; time 18hrs, 
voltage 6volts per cm, initial switch time 2 seconds and final switch time 40 seconds. After 
the running conditions are set then the electrophoresis can be started.
13.0 STAINING AND VISULISATION OF GEL
Once the gel has finished running it should not remain in the tank over 30-45 minutes as 
bands can become distorted over time. The gel should be carefully placed into a plastic tub 
containing 500ml of ethidium bromide wash (0.5pg/ml) for 25 minutes on an orbital shaker 
with gentle agitation at room temperature. The gel can then be transferred into a plastic tub 
containing 500mls of fresh distilled water. This can be placed on an orbital shaker with gentle
agitation for 45 minutes at room temperature. After this the gel can be taken and visualised 
using an Ultraviolet transluminator.
14.0 SALMONELLA BRAENDERUP CONTROL
It is imperative to have a control ladder loaded into the gel. In this protocol a Salmonella 
braenderup is used as a marker. The strain is grown up in the same way as the test isolates 
and subjected to the same procedure throughout the experiment. However, the restriction 
enzyme used is different. For the Salmonella braenderup control, restriction endonuclease 
Xbal is used at a concentration of 50U per plug is used. When loading the gel it is important 
that a control is loaded three times. A control should be loaded in the end wells on either side 
of the gel as well as in the centre well of the gel.
15.0 Reagents and Buffers
• EDTA 0.5M pH 8.0
• Tris 1M EDTA pH 8.0
• TE Buffer (lOmM Tris: ImM EDTA, pH 8.0)
10ml of 1M Tris pH 8.0 
2ml of0.5M EDTA pH 8.0 
988ml of distilled water
• 1% SeaKem Goid Agarose (1%SDS, in TE buffer)
0.5g SeaKem Gold Agarose
47ml TE buffer 
2.5ml 20%SDS
• Cell Lysis Buffer (50mM Tris: 50mM EDTA, pH 8.0,1% sarcosyi)
25ml of 1M Tris 
50ml of 0.5M EDTA
50ml of 10% Sarcosyl (N-Laurly-Sarcosine, Sodium Salt)
375ml of distilled water
• Ceii Suspension Buffer (lOOmM Tris: lOOmiVI EDTA, pH 8.0)
10ml of 1M Tris
20ml of 0.5M EDTA 
70ml of distilled water
• 0.5X Tris-Borate EDTA (TBE) Buffer with 200pM Thiourea 
500ml of 10X TBE Buffer
9500ml of Molecular Grade Water 
15.2g Thiourea
APPENDIX IV -  BACKGROUND INFORMATION, BIOCHEMICAL AND 
MOLECULAR DATA FOR STRAINS USED IN THE DEVELOPMENT OF
PFGE
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Background information on strains
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